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ABSTRACT
We present new determinations of the stellar-to-halo mass relation (SHMR) at
z = 0−10 that match the evolution of the galaxy stellar mass function, the SFR−M∗
relation, and the cosmic star formation rate. We utilize a compilation of 40 obser-
vational studies from the literature and correct them for potential biases. Using our
robust determinations of halo mass assembly and the SHMR, we infer star forma-
tion histories, merger rates, and structural properties for average galaxies, combining
star-forming and quenched galaxies. Our main findings: (1) The halo mass M50 above
which 50% of galaxies are quenched coincides with sSFR/sMAR∼ 1, where sMAR
is the specific halo mass accretion rate. (2) M50 increases with redshift, presumably
due to cold streams being more efficient at high redshift while virial shocks and AGN
feedback become more relevant at lower redshifts. (3) The ratio sSFR/sMAR has a
peak value, which occurs around Mvir ∼ 2 × 1011M. (4) The stellar mass density
within 1 kpc, Σ1, is a good indicator of the galactic global sSFR. (5) Galaxies are
statistically quenched after they reach a maximum in Σ1, consistent with theoretical
expectations of the gas compaction model; this maximum depends on redshift. (6) In-
situ star formation is responsible for most galactic stellar mass growth, especially for
lower-mass galaxies. (7) Galaxies grow inside out. The marked change in the slope of
the size–mass relation when galaxies became quenched, from d logReff/d logM∗ ∼ 0.35
to ∼ 2.5, could be the result of dry minor mergers.
Key words: galaxies: evolution - galaxies: haloes - galaxies: luminosity function -
galaxies: mass function - galaxies: star formation - cosmology: theory
1 INTRODUCTION
There has been remarkable recent progress in assembling
large galaxy samples from multiwavelength sky surveys.
Moreover, these advances are not just for observations of
local galaxies but also for very distant galaxies, resulting
in reliable samples which contain hundreds of thousands of
galaxies at z ∼ 0.1, tens of thousands between z ∼ 0.2 − 4,
hundreds of galaxies between z ∼ 6 − 8 and a few tens of
galaxies confirmed as distant as z ∼ 9−10.1 Thus, statistical
? rodriguez.puebla@gmail.com
1 These achievements are all the more impressive when one real-
izes that the Universe was only ∼ 500 Myrs old at z = 10.
analyses of the properties of the galaxies are now possible
with unprecedented detail including robust determinations
of the luminosity functions (LF) over a very wide redshift
range.
In parallel, substantial progress has been made on stel-
lar population synthesis (SPS) modelling (for a recent re-
view, see Conroy 2013), allowing the determination of phys-
ical parameters that are key to studying galaxy evolution,
including galaxy stellar masses and star formation rates
(SFRs).2 Thus, we are in a era in which robust determi-
2 Also empirically motivated diagnostics of galaxy SFR have been
improved in the last few years; for a recent review, see Kennicutt
& Evans (2012).
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2nations of the galaxy stellar mass function (GSMF) and the
correlation between stellar mass and SFRs can now be ro-
bustly explored.
It is important to have accurate and robust determi-
nations of the GSMFs and SFRs because there is a fun-
damental link between them. While the GSMF is a time-
integrated quantity (reflecting stellar mass growth by in-situ
star formation and/or galaxy mergers, and also the mecha-
nisms that have suppressed the formation of stars especially
in massive galaxies), the SFR is an instantaneous quantity
that measures the in-situ transformation of gas into stars,
typically measured over times scales of ∼ 10 − 100 Myrs.
In other words, except for mergers, the galaxy SFRs are
proportional to the time derivative of the GSMFs. Indeed,
previous studies have combined these two statistical prop-
erties to explore the stellar mass growth of galaxies (e.g.,
Bell et al. 2007; Drory & Alvarez 2008; Peng et al. 2010;
Papovich et al. 2011; Leja et al. 2015) and to understand
the most relevant mechanisms that shape their present-day
properties.
At the same time, one of the key open questions in
modern astronomy is how galaxy properties relate to those
of their host dark matter halos and subhalos. Since galaxies
formed and evolved within dark matter halos, one expects
that the masses and assembly histories of dark matter ha-
los are linked to the stellar mass and SFRs of their host
galaxies (for recent reviews see Mo, van den Bosch & White
2010; Somerville & Dave´ 2015). Indeed, a substantial ef-
fort has focused on establishing robust determinations of
the galaxy-halo connection, commonly reported in the form
of the stellar-to-halo mass relation, SHMR (Behroozi, Con-
roy & Wechsler 2010; Moster et al. 2010; Yang et al. 2012;
Behroozi, Wechsler & Conroy 2013b; Moster, Naab & White
2013, and references therein). The galaxy-halo connection
can be obtained by using three different methods, two of
which are physically motivated, based on hydrodynamical
simulations and semi-analytic models of galaxy formation
(both discussed in Somerville & Dave´ 2015, and references
therein). The third method, which we follow in this paper,
relies on semi-empirical modelling of the galaxy-halo con-
nection (see e.g. Mo, van den Bosch & White 2010). That
is, we use abundance matching to relate galaxies to their
host halos, assuming that the average galactic stellar mass
growth follows the average halo mass accretion. Thus we in-
fer the most likely trajectories of the galaxy progenitors as
a function of mass and redshift. However, since we model
average growth histories rather than the growth histories of
individual galaxies (as is done in semi-analytic models or in
hydrodynamic simulations), we do not know “case by case”
how galaxies evolved.
We use a compilation of data from the literature on
galaxy stellar mass functions and star-formation rates, recal-
ibrated to consistent assumptions regarding the initial mass
function, photometry, cosmology, etc. (see Tables 1 and 2).
We fit all this data accurately using a galaxy model that
consists of eighteen adjustable parameters, fifteen to model
the redshift evolution of the SHMR and three to model the
fraction of stellar mass growth due to in-situ star formation.
Our approach also allows us to model average galaxy ra-
dial profiles including surface densities at 1kpc and at the
effective radius.
1.1 Semi-empirical modelling
The idea behind semi-empirical modelling of the galaxy-halo
connection is to use simple rules to populate dark matter
halos and subhalos with mock galaxies that match the ob-
served distribution of galaxy surveys. There are three main
approaches to doing this. One of them is subhalo abundance
matching, SHAM, which matches the cumulative GSMF to
the cumulative halo mass function in order to obtain a cor-
relation between galaxy stellar mass and (sub)halo mass
(Kravtsov et al. 2004; Vale & Ostriker 2004; Conroy, Wech-
sler & Kravtsov 2006; Shankar et al. 2006; Behroozi, Con-
roy & Wechsler 2010; Moster et al. 2010; Guo et al. 2010;
Rodr´ıguez-Puebla, Drory & Avila-Reese 2012; Papastergis
et al. 2012; Hearin et al. 2013b). The next two are the
halo occupation distribution (HOD) model (Jing, Mo &
Bo¨rner 1998; Seljak 2000; Scoccimarro et al. 2001; Berlind
& Weinberg 2002; Cooray & Sheth 2002; Kravtsov et al.
2004; Zehavi et al. 2005; Zheng et al. 2005; Leauthaud et al.
2011; Rodr´ıguez-Puebla, Avila-Reese & Drory 2013; Tinker
et al. 2013; Contreras et al. 2017) and the closely related
conditional stellar mass function model (Yang, Mo & van
den Bosch 2003; Cooray 2006; Yang et al. 2012; Rodr´ıguez-
Puebla et al. 2015). Both approaches constrain the distribu-
tion of central and satellite galaxies by using the observed
two-point correlation function, 2PCF, and/or galaxy group
catalogs and galaxy number densities. In this paper we focus
on the first approach, SHAM, described in detail in Section
2.
Semi-empirical modelling of the galaxy-halo connection
has received much attention recently, in part because of its
simplicity but also because of its power in projecting differ-
ent observables in terms of the theoretical properties of the
halos (for some applications of these ideas see, e.g., Shankar
et al. 2006; Conroy & Wechsler 2009; Firmani & Avila-
Reese 2010; Yang et al. 2013; Behroozi, Wechsler & Conroy
2013b; Rodr´ıguez-Puebla, Avila-Reese & Drory 2013; Hearin
et al. 2013a; Masaki, Lin & Yoshida 2013; Rodr´ıguez-Puebla
et al. 2015; Li et al. 2016; Micic, Martinovic´ & Sinha 2016;
Huang et al. 2017; Matthee et al. 2017). Moreover, improve-
ments in building more accurate and consistent halo finders
for determining halo properties and their progenitors from
large N−body cosmological simulations (e.g., Behroozi et al.
2013, and references therein) not only make possible a more
accurate modelling of the galaxy-halo connection but also
allow consistent connections of observables from different
redshifts. This is especially true when information on the
evolution of the GSMF and the SFRs is available. Here, we
will present a framework that follows the median evolution
of halo masses linked to the corresponding stellar masses.
The importance of the galaxy-halo connection, how-
ever, not only relies on determining accurate models that
match observations, i.e., having robust determinations of the
stellar-to-halo mass relation (SHMR), but also on using it as
a phenomenological tool to understand the average growth
of galaxies by projecting several galaxy observables related
to galaxy evolution. This does not imply that semi-empirical
modelling of the galaxy-halo connection should replace more
physically motivated studies such as those mentioned previ-
ously, but rather that a synergy between all these approaches
is ideal to have a more complete and accurate picture of
galaxy formation and evolution.
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We would like to emphasize that the approach employed
here presents a probabilistic description of galaxy evolution
driven exclusively as a function of mass. That is, the galaxy
assembly histories, which we also call trajectories, that we
will study in this paper refer to average histories. From this
point of view, at least, we argue that the results that will be
presented on this paper are the typical assembly histories of
galaxies as a function of their stellar or virial masses.
In this paper we are interested in constraining the
galaxy-halo connection and in extending this connection to
predictions of the evolution of individual (average) galaxies
as a function of mass. Besides, for the first time, here we in-
troduce the evolution of galaxy radial structural properties
within this framework. There is evidence showing a tight
correlation between the structural evolution of galaxies and
their SFRs. For example, Kauffmann et al. (2003a) showed
that above a critical effective stellar surface mass density
galaxies typically are old and quenched. Similar conclusions
have been found when using other surface mass density def-
initions (Cheung et al. 2012; Fang et al. 2013; Barro et al.
2013, 2015; Tacchella et al. 2015) or Se´rsic index (see e.g.
Bell et al. 2012). Nevertheless, it is not clear whether the
galaxy structural transformation is the key driver of quench-
ing, since it is also expected that dark matter halos may
make SFRs less efficient above Mvir ∼ 1012M (e.g., Dekel
& Birnboim 2006). Using our framework, we are in a good
position to investigate how all these quantities relate to each
other.
In short, the present paper formulates a semi-empirical
approach based on three key assumptions: (1) every halo
hosts a galaxy; (2) the in-situ/ex-situ stellar mass growth of
galaxies is associated to the mass growth of halos by accre-
tion/mergers; (3) the average radial stellar mass distribution
of galaxies at a given M∗ is composed of a Se`rsic disc and a
de Vacouleours spheroid, where the fractions of these compo-
nents are associated with the fractions of star-forming and
quenched galaxies at this mass. Under these assumptions
and once the SHMRs at different redshifts are constrained
from observations, the growth of dark matter halos can be
used to determine the stellar in-situ and ex-situ (merger)
mass growth of the associated galaxies, and thus their star
formation histories. In addition, the observed galaxy size-
mass relation at different redshifts can be used to project
the size evolution of the disc and spheroid components of
galaxies, and probe a possible relation between their struc-
tural and star formation histories.
Our model, under the assumptions mentioned above,
provide a consistent picture of stellar and halo mass, SFR,
merger rate, and structural evolution of galaxies as a func-
tion of mass across ∼ 13.3 Gyrs of the cosmic time in the
context of the ΛCDM cosmology. These results are ideal
for constraining semi-analytic models and numerical simu-
lations of galaxy formation and evolution, not only at the
present day but at high redshifts. On the other hand, our
model of galaxy mass assembly and SFR history based on
halo mass accretion trajectories can be used to compare with
those from other empirical approaches and in this way iden-
tify possible biases in various approaches. For example, by
means of the “fossil record” method, the global and radial
stellar mass assembly histories of galaxies of different masses
have recently been inferred from spectroscopic surveys of
local galaxies under the assumption of no radial displace-
ments of stars (Pe´rez et al. 2013; Ibarra-Medel et al. 2016).
The structural and mass assembling histories of galaxies
have also been partially inferred from direct empirical ap-
proaches, for instance, from observations of galaxy popula-
tions of similar masses and comoving number densities at
different redshifts (e.g., van Dokkum et al. 2010, 2013; Leja
et al. 2015).
This paper is organized as follows. In Section 2, we de-
scribe our galaxy-halo-connection model. In Section 3, we
present the model ingredients, namely, the parametric red-
shift dependence of the SHMR and the fraction of in-situ
and ex-situ stellar mass growth. In Section 4, we present
the observations that we utilize to constrain the galaxy-halo
connection. Here we describe in detail the potential system-
atic effects that could affect our derivations, and how we
correct for them. In Section 5, we present our best fitting
model. In Section 6.1 we discuss our resulting SHMR and
compare to previous determinations from the literature. Sec-
tion 6.2 describes the star formation histories and halo star
formation efficiencies for the progenitors of today’s galaxies.
Results from galaxy mergers are presented in Section 6.3.
In Section 7 we discuss the implications of the structural
evolution of galaxies. Finally, in Section 8 we discuss all the
results presented in previous sections and in Section 9 we
summarize and list our main conclusions.
In this paper we adopt cosmological parameter values
from the Planck mission: ΩΛ = 0.693,ΩM = 0.307,ΩB =
0.048, h = 0.678. These are the same parameters used in the
Bolshoi-Planck cosmological simulation (Rodr´ıguez-Puebla
et al. 2016a), which we use to determine dark matter halo
properties and evolution (see the Appendices for details).
2 THEORETICAL FRAMEWORK
2.1 Galaxy-Halo Connection
Subhalo abundance matching, SHAM, is a simple and yet
powerful statistical approach for connecting galaxies to ha-
los. In its simplest form, given some halo property (usually
halo mass or maximum circular velocity) the halo number
density and the galaxy number density are matched in or-
der to obtain the connection between halos and the galaxies
that they host. As a result one obtains a unique relation be-
tween galaxy stellar mass and a halo property. In fact, it is
expected that this relation has some scatter since the prop-
erties of the galaxies might be partly determined by different
halo properties and/or some environmental factors. For ex-
ample, in the case of halo mass, analysis of large galaxy
group catalogs (Yang, Mo & van den Bosch 2009a; Red-
dick et al. 2013), the kinematics of satellite galaxies (More
et al. 2011), as well as galaxy clustering (Shankar et al. 2014;
Rodr´ıguez-Puebla et al. 2015; Tinker et al. 2016) have found
that this dispersion is of the order of σh ∼ 0.15 dex. To take
this into account, abundance matching should be slightly
modified to include a physical scatter around the galaxy
stellar-to-halo mass relation, hereafter SHMR.
Formally, if we assume that halo mass Mhalo is the halo
property that correlates best with stellar mass, we can model
the GSMF of galaxies by defining H(M∗|Mhalo) as the prob-
ability distribution function that a halo of mass Mhalo hosts
a galaxy of stellar mass M∗. Then the intrinsic GSMF, φgI ,
as a function of stellar mass is given by
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4φgI(M∗) =
∫
H(M∗|Mhalo)φhalo(Mhalo)d logMhalo, (1)
where φhalo denotes the total number density of halos and
subhalos within the mass range logMhalo ± d logMhalo/2.3
Note that in the above equation the units for φgI and φhalo
are in Mpc−3dex−1. Here Mhalo is interpreted as the virial
mass, Mvir, for distinct halos and Mpeak, the peak value of
virial mass at or before accretion, for subhalos, thus:
Mhalo =
{
Mvir Distinct halos
Mpeak Subhalos
(2)
and
φhalo(Mhalo) = φvir(Mvir) + φsub(Mpeak). (3)
Subhalos can lose a significant fraction of their mass due to
tidal striping. Since tidal stripping affects the subhalo more
than the stars of the galaxy deep inside it, this implies that
the stellar mass of a satellite galaxy does not correlate in a
simple way with its subhalo mass. Therefore, in connecting
galaxies to dark matter (sub)halos, as in SHAM, it has been
shown that the mass that the halo had when it was still
in a distinct halo correlates better with the stellar mass of
the satellite galaxy it hosts. This comes from the fact that
the observed two-point correlation function is approximately
reproduced when assuming identical stellar-to-halo mass re-
lations for central and satellite galaxies until the satellites
are accreted. In this paper we use the mass Mpeak defined as
the maximum mass reached along the main progenitor as-
sembly mass. Indeed, Reddick et al. (2013) found that this
is the quantity that correlates best with galaxy stellar mass
and luminosity by reproducing most accurately the observed
galaxy clustering (see also Moster et al. 2010).
We assume that the probability distribution function
H(M∗|Mhalo) is a log-normal distribution with a scatter
σh = 0.15 dex (Rodr´ıguez-Puebla et al. 2015)
4 independent
of Mhalo:
H(M∗|Mhalo) = 1√
2piσ2h
×
exp
[
− (logM∗ − 〈logM∗(Mhalo)〉)
2
2σ2h
]
, (4)
where the mean SHMR is denoted by 〈logM∗(Mhalo)〉. In
the absence of scatter around the mean SHMR, Equation
(1) reduces to
φgI(M∗) = φhalo(Mhalo)
d logMhalo
d logM∗
. (5)
The above equation is just simply the traditional SHAM.
Individual galaxy stellar mass estimates are also sub-
ject to random errors (Conroy 2013). Indeed, the GSMF
that is inferred from observations through the estimation of
individual stellar masses of galaxies (we will denote this as
φgobs) is the result of the random errors over the intrinsic
3 Note that observations of the GSMF are made over redshift
slices. In order to be consistent with observations, we average
φhalo over the observed volumes. For simplicity we do not show
this explicitly in the reminder of this paper.
4 Note that Tinker et al. (2016) concluded that the upper limit
to the intrinsic scatter is 0.16 dex based on galaxy clustering of
massive galaxies. This is consistent with the value assumed above.
GSMF (Behroozi, Conroy & Wechsler 2010). Formally, we
can represent the observed φgobs as the convolution of φgI :
φgobs(M∗) =
∫
G(logM∗/x)φgI(x)d log x, (6)
where we again assume that random errors follow a lognor-
mal distribution
G(log M∗
x
) =
1√
2piσ2∗
exp
[
− 1
2σ2∗
log2
(
M∗
x
)]
. (7)
Here σ∗ will encode all the uncertainties affecting the GSMF.
We use a slightly modified version for σ∗ as a function of
redshift from Behroozi, Conroy & Wechsler (2010), given by
σ∗ = 0.1 + 0.05z, (8)
which is more consistent with what is observed in new de-
terminations of M∗ at z ∼ 0.1 (e.g., Mendel et al. 2014).
Finally, when combining Equations (1) and (6) the re-
lation between the observed GSMF, φgobs , and the mass
function of dark matter halos φhalo is given by
φgobs(M∗) =
∫
P (M∗|Mhalo)φhalo(Mhalo)d logMhalo, (9)
where P is again assumed to be a log-normal distribution
with a scatter σT independent of Mhalo
P (M∗|Mhalo) = 1√
2piσ2T
×
exp
[
− (logM∗ − 〈logM∗(Mhalo)〉)
2
2σ2T
]
, (10)
and σ2T = σ
2
h + σ
2
∗.
2.2 Star Formation Histories
Once we have established the galaxy-halo connection, we can
use the growth of dark matter halos, as measured from high
resolution N−body cosmological simulations, to predict the
M∗ of the galaxy that they host as a function of z, and thus
the corresponding galaxy star formation histories.
Imagine that we want to derive the amount of stars
that the galaxies produce between the redshifts z + ∆z and
z. Now, let us assume that we know the trajectories for the
main progenitors of halos at z0
Mvir(z|z0) = Mvir(z|Mvir,0, z0), (11)
where Mvir,0 is the final mass of the halo at the redshift of
observation z0. According to Equation (11), this implies that
the mass of the progenitor at z+∆z isMvir(z+∆z|Mvir,0, z0)
while at z it is Mvir(z|Mvir,0, z0). Using the redshift evolu-
tion of the SHMR described above we can thus infer the
amount of stellar mass the galaxy will grow between z+ ∆z
and z:
∆M∗(z|Mvir,0, z0) = M∗ [Mvir(z|Mvir,0, z0), z]−
M∗ [Mvir(z + ∆z|Mvir,0, z0), z + ∆z] .
Galaxies build their masses via in-situ star formation
and/or through ex-situ process such as galaxy mergers. Fol-
lowing Behroozi, Wechsler & Conroy (2013b), we apply cor-
rections for mergers by assuming that ∆M∗ can be separated
by the amount of mass that galaxies grow by mergers and
c© 20?? RAS, MNRAS 000, 1–??
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the amount of mass built up by in-situ star formation during
the timescale ∆t = t(z)− t(z + ∆z):
∆M∗(z|Mvir,0, z0) = ∆Mmerger(z|Mvir,0, z0)+
∆MSFR(z|Mvir,0, z0),
or equivalently
∆MSFR
∆t
=
∆M∗
∆t
fin situ, (12)
where we have omitted the terms in the parentheses for sim-
plicity and we have defined
fin situ = 1− fex situ = 1− ∆Mmerger
∆M∗
. (13)
Here, fex situ is the fraction of mass acquired through galaxy
mergers. The fraction fin situ is a function that depends on
Mvir and z. The parametrization that we will use for fin situ
will be described in Section 3.3. Finally, we calculate the
SFR, taking into account gas recycling, as:
SFR(z|Mvir,0, z0) = fin situ
1−R
[
∆M∗(z|Mvir,0, z0)
t(z)− t(z + ∆z)
]
. (14)
HereR is the fraction of mass that is returned as gaseous ma-
terial into the interstellar medium, ISM, from stellar winds
and short lived stars. In other words, 1 − R is the fraction
of the change in stellar mass that is kept as long-lived. In
this paper we make the instantaneous recycling approxima-
tion, we use the fitting form for R(t) given in Behroozi et al.
(2013, section 2.3), and we assume for simplicity that t in
R(t) is the cosmic time since the big bang.
The timescale ∆t = t(z) − t(z + ∆z) is a free param-
eter in our model. Star formation indicators are sensitive
to probe different time scales. The most common estimators
based on UV and IR probe star formation rates on timescales
around ∼ 100 Myr, while Hα probes the SFR for times less
than about 10 Myr (Kennicutt & Evans 2012). In this paper
we will use observations homogenized to timescales of 100
Myrs as described in Speagle et al. (2014) and we compute
SFRs averaged over a timescale of 100 Myr. That is to say,
we fixed ∆t = 100 Myrs in Equation (12).
Before describing our modelling of the observed distri-
bution of galaxy SFRs, it is worth mentioning that Equa-
tion (14) is only valid for central galaxies. To account for the
evolution of satellite galaxies, we will assume, for simplicity,
that they evolve as central galaxies, i.e.,
SFR(z|MDM,0, z0) = SFRcen(z|Mvir,0, z0) =
SFRsat(z|Mpeak,0, z0). (15)
The impact of satellite galaxies has been discussed in de-
tail in previous studies (see e.g., Yang, Mo & van den
Bosch 2009b; Neistein et al. 2011; Rodr´ıguez-Puebla, Drory
& Avila-Reese 2012; Yang et al. 2012; Wetzel, Tinker &
Conroy 2012; Zavala et al. 2012; Rodr´ıguez-Puebla, Avila-
Reese & Drory 2013). These studies have shown that as-
suming similar relations for centrals and satellites could lead
to potential inconsistencies. This problem has been already
faced in previous works (e.g., Yang et al. 2012; Zavala et al.
2012) by modelling the evolution of satellite galaxies after
infall. On the other hand, Rodr´ıguez-Puebla, Drory & Avila-
Reese (2012) argued that it is still possible to develop a
self-consistent model in the light of SHAM by relaxing the
assumption that the SHMR of central and satellite galax-
ies are identical. In that paper, it was shown that assuming
identical SHMR of central and satellite galaxies could lead
to underestimate of the spatial clustering of galaxies from
SHAM, see also Guo et al. (2016) for similar conclusions. A
more detailed modelling of central and satellite galaxies sep-
arately would be required to introduce more observational
constraints such as the two point correlation function and/or
galaxy groups, which is beyond the scope of this paper (see
e.g. Rodr´ıguez-Puebla, Avila-Reese & Drory (2013) for de-
tails5).
2.3 The Distribution of Star Formation Rates
In the previous subsection we described the theoretical
framework to derive the star formation histories in halos
of different masses. In this subsection we describe how to
compare the above star formation histories to the observed
SFRs from the galaxy population.
Suppose that we want to measure the mean SFRs for a
volume-complete sample of galaxies with M∗ at some red-
shift z. Then, the intrinsic probability distribution of hav-
ing galaxies with SFRs in the range log SFR ± d log SFR/2
is given by
S∗,I(SFR|M∗, z) =
∫
Sh,I(SFR|Mhalo, z)×
H(Mhalo|M∗)d logMhalo, (16)
with Sh,I(SFR|M∗, z) as the intrinsic probability distribu-
tion of SFR in the range log SFR±d log SFR/2 in (sub)halos
of mass Mhalo. Note that H(Mhalo|M∗) is not the same func-
tion as H(M∗|Mhalo), but the functions are related to each
other through Bayes’ theorem. Similarly to stellar mass,
derivation of the SFRs is also subject to random errors.
Moreover, one expects that the observed distribution of
SFRs S∗,obs, for a given stellar mass, includes random er-
rors affecting the intrinsic distribution S∗,I . In other words,
the observed distribution S∗,obs is the convolution of the dis-
tribution of random errors, denoted by F , with the intrinsic
distribution S∗,I: S∗,obs = F ◦ S∗,I, with the symbol ◦ de-
noting the convolution operator. Note, however, that under
the assumption that random errors have a lognormal dis-
tribution with 1σ statistical fluctuation, in either directions
and independent on both halo and stellar mass, their effect
will only increase the dispersion over the relationship SFR–
M∗ while the mean 〈log SFR〉 is the same. As we will show
later in this subsection, our framework does not require any
other moment over the distribution S∗,I (and therefore over
S∗,obs) than its mean.
For local galaxies, z ∼ 0.1, the distribution S∗,obs, and
consequently S∗,I , is composed, at a very good approxima-
tion, of two lognormal distributions. One mode is dominated
by star-forming galaxies (often referred as the galaxy star-
formation main sequence) while the second mode is domi-
nated by quescient galaxies (e.g., Salim et al. 2007). This
bimodality has also been observed to high redshifts (e.g.,
5 Rodr´ıguez-Puebla, Drory & Avila-Reese (2012) and Rodr´ıguez-
Puebla, Avila-Reese & Drory (2013) found that the SHMR of
central and satellite galaxies are different, an effect that can be
explained due to environment effects. This would imply, that the
SFRs of centrals will be on average higher than those of satellite
galaxies, specially at low redshifts.
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ever, we are more interested in the mean of the above distri-
bution 〈log SFR(M∗, z)〉 rather than in the full distribution.
Applying Bayes’ theorem to H(Mhalo|M∗) and substi-
tuting this in Equation (16) we get
S∗,I(SFR|M∗, z) = 1
φgI(M∗, z)
∫
Sh(SFR|Mhalo, z)×
H(M∗|Mhalo, z)× φhalo(Mhalo, z)d logMhalo, (17)
where φgI(M∗, z) is given by Equation (1). By noting that
〈log SFR(Mhalo, z)〉 =
∫
Sh(SFR|Mhalo, z) log SFRd log SFR,
and using the definition
〈log SFR(M∗, z)〉 =
∫
S∗,I(SFR|M∗, z) log SFRd log SFR, (18)
we can conclude that
〈log SFR(M∗, z)〉 = φ−1gI (M∗, z)
∫
〈log SFR(Mhalo, z)〉×
H(M∗|Mhalo, z)× φhalo(Mhalo, z)d logMhalo. (19)
We use the above equation to derive SFRs in our model
and compare to observations. Note that this equation does
not require any other moment than the mean of the distri-
bution S∗,I(SFR|M∗, z). The same argument applies when
using S∗,obs(SFR|M∗, z) instead.
2.4 The Cosmic Star Formation Rate
In this subsection we describe how the Cosmic Star Forma-
tion Rate (CSFR) is calculated in the framework described
above. Formally, the CSFR is given by
ρ˙obs(z) =
∫
SFR× φSFR,obs(SFR, z)× d log SFR, (20)
with φSFR,obs(SFR) as the observed comoving number den-
sity of galaxies with observed SFRs between log SFR ±
d log SFR/2.
In order to derive a model for the CSFR, we begin
by noting that the relation between the SFRs, denoted by
φSFR,obs, and the observed GSMF is given by
φSFR,obs(SFR) =
∫
S∗,obs(SFR|M∗)φgobs(M∗)d logM∗,
where we omit the dependence on z for simplicity. The next
step is to substitute Equation (17) to obtain:
φSFR,obs(SFR) =∫
Sh,obs(SFR|Mhalo)Θ(Mhalo)φhalo(Mhalo)d logMhalo,
with
Θ(Mhalo) =
∫
φgobs(M∗)
φgI(M∗)
×H(M∗|Mhalo)d logM∗, (21)
and we define Sh,obs = F ◦ Sh,I. Recall that the probability
distribution function Sh,I and the function F were described
in Section 2.3. Before moving further into the description of
our model, we briefly discuss the function Θ(Mhalo). Clearly,
the function Θ depends strongly on the ratio φgobs/φgI , and
in the case that φgobs/φgI ∼ 1 then Θ ∼ 1. Actually, the
effect of the ratio on the function Θ is expected to be small
for low-mass halos and larger at the high-mass end. This
is because the effect of the convolution in Equation (6) de-
pends on the logarithmic slope of φgI (Cattaneo et al. 2008;
Behroozi, Conroy & Wechsler 2010; Wetzel & White 2010).
Figure A1 in Appendix A illustrates the redshift evolution of
the function Θ(Mhalo) for our best fitting model (see Section
5 below). Note that at high redshifts this correction becomes
very important and it should be taken into account in order
to have a consistent model and a more accurate calculation
of the CSFR.
When calculating the CSFR, the details behind the dis-
tribution function Sh,obs(SFR|Mhalo) are relevant. We as-
sume that this distribution is lognormal with σh,obs = 0.3
dex and independent of mass. This assumption may sound
crude as the observed distribution of SFRs, S∗,obs, is ac-
tually bimodal, something that it is also expected for dark
matter halos. Note, however, that in this paper we are more
interested on the average evolution of galaxies rather than
modelling different populations and therefore a lognormal
distribution is an adequate approximation for our purposes.
Once we have specified the shape of Sh,obs we can analyti-
cally calculate the following integral:
〈SFR(Mhalo)〉 =
∫
SFR×Sh,obs(SFR|Mhalo)×d log SFR, (22)
which is given by
log〈SFR(Mhalo)〉 = 〈log SFR(Mhalo)〉+ σ
2
h,obs
2
ln 10. (23)
Finally, the CSFR can be calculated as:
ρ˙obs(z) =
∫
〈SFR(Mhalo)〉Θ(Mhalo)φhalo(Mhalo)d logMhalo, (24)
which is the equation we utilize to calculate the CSFRs and
that we will compare with observation. Note that the value
of the scatter σh,obs is relevant only for the calculation of
the CSFR but not for the modelling of 〈log SFR(M∗)〉, see
Eq. (19).
Finally, Appendix A discusses the impact of assuming
Θ(Mhalo) = 1 and that the probability distribution function
Sh,obs is a Dirac−δ distribution function. In short, we find
that the combined effect will result in an underestimation
of the CSFR of around ∼ 30% at low-z, but by an order of
magnitude at high redshifts. Therefore, taking into account
all the above factors is critical when constraining our model.
We note that most previous authors have failed to recognize
the above effects.
3 MODEL INGREDIENTS
Here we describe the model ingredients, namely, the para-
metric redshift dependence of the SHMR and the fraction
of in-situ and ex-situ stellar mass growth.
3.1 Dark Matter Halos
In Appendix B, we present the theoretical ingredients to
fully charachterize the distribution of dark matter halos,
namely, the halo and subhalo mass function and halo mass
assembly. Briefly, we use the updated parameters from
Rodr´ıguez-Puebla et al. (2016a) from a set of high resolu-
tion N−body simulations for the Tinker et al. (2008) halo
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mass function and the Behroozi, Wechsler & Conroy (2013b)
fitting model to the subhalo population. We also use the fit-
ting parameters from Rodr´ıguez-Puebla et al. (2016a) for the
median halo assembly histories from N−body simulations.
3.2 Parameterization of the SHMR
In order to describe the mean SHMR, we adopt the
parametrization proposed in Behroozi, Wechsler & Conroy
(2013b),
〈logM∗〉 = log(×M0) + g(x)− g(0), (25)
where
g(x) = δ
(log(1 + ex))γ
1 + exp(10−x)
− log(10−αx + 1). (26)
and x = log(Mvir/M0). Previous studies have used sim-
pler functions with fewer parameters (e.g., Yang, Mo & van
den Bosch 2008; Moster, Naab & White 2013); however, as
shown in Behroozi, Wechsler & Conroy (2013b), the func-
tion as given by Eq. (26) is necessary in order to map ac-
curately the halo mass function into the observed GSMFs,
which are more complex than a single Schechter function.
Recall that at z ∼ 0.1 we are using a mass function that is
steeper at low masses after correcting for surface brightness
incompleteness.
We assume that the above parameters change with red-
shift z as follows:
log((z)) = 0 + P(1, 2, z)×Q(z) + P(3, 0, z), (27)
log(M0(z)) = M0,0 + P(M0,1,M0,2, z)×Q(z), (28)
α(z) = α+ P(α1, α2, z)×Q(z), (29)
δ(z) = δ0 + P(δ1, δ2, z)×Q(z), (30)
γ(z) = γ0 + P(γ1, 0, z)×Q(z). (31)
Here, the functions P(x, y, z) and Q(z) are:
P(x, y, z) = y × z − x× z
1 + z
, (32)
and
Q(z) = e−4/(1+z)2 . (33)
Similar parameterizations were employed in Behroozi,
Wechsler & Conroy (2013b).
3.3 Parameterization of the Fraction of In Situ
Stellar Mass Growth
We assume that the function fin situ(Mvir, z), defined in
Equation (13), which describes the fraction of mass assem-
bled via in situ star formation in a period of 100 Myrs at
redshift z, is given by:
fin situ(z) =
1
1 + xβ(z)
, (34)
with x(z) = Mvir/Min situ(z),
log(Min situ(z)) = Min situ,0 + P(Min situ,1, 0, z), (35)
and
β(z) = β + log(1 + z). (36)
Recall that the complement to fin situ is fex situ, the frac-
tion of mass acquired through galaxy mergers. At low red-
shifts, we expect that at low masses the function described
by Equation (34) asymptotes to fin situ(z) ∼ 1 given that
observations show that low-mass galaxies grow mostly by
in-situ SFR, while at very large masses fin situ(z) < 1 con-
sistent with the fact that big elliptical galaxies build part of
their mass by galaxy mergers.
4 OBSERVATIONAL INPUT: COMPILATION
AND HOMOGENIZATION
This section describes the observational data that we utilize
to constrain our semi-empirical model, namely, the GSMF,
the SFRs and the CSFR. The main goal of this section is
to present a compilation from the literature and to calibrate
all the observations to the same basis in order to minimize
potential systematical effects that can bias our conclusions.
In our compilation, we do not include observations
from dusty submillimeter galaxies, which are the most ex-
treme star formers in the Universe (for a recent review, see
Casey, Narayanan & Cooray 2014). Submillimeter galaxies
are galaxies that emit in the FIR and with high luminosi-
ties implying SFRs> 300Myr−1 at z ∼ 1 − 4, that is, a
factor of ∼ 5 compared to normal star-forming galaxies (see
e.g., Casey, Narayanan & Cooray 2014). This means that
the population of submillimeter galaxies is a class of star
formers that it is very particular and rare. We do not actu-
ally need to consider individual populations such as this one,
given that we assume that the full population of galaxies is
described by the probability distribution function of SFRs
(Section 2.3) and thus submilimeter galaxies will automati-
cally be included as the extreme values of the distribution.
4.1 The Galaxy Stellar Mass Function up to z ∼ 10
In this Section, we use a compilation of various studies from
the literature to characterize the redshift evolution of the
GSMF from z ∼ 0.1 to z ∼ 10. Table 1 lists the references
we utilize for this section. The reader interested in the details
is referred to the original sources.
The various GSMFs used in this paper were obtained
based on different observational campaigns and techniques.
In order to directly compare the various published results of
the GSMFs, and therefore to obtain a consistent evolution
of the GSMF from z ∼ 0.1 to z ∼ 10, we apply some cali-
brations to observations. Among the most important, these
calibrations include the initial mass function (IMF), Stellar
Population Synthesis models (SPS), photometry corrections,
cosmology, and variations between different search areas in
surveys. Note, however, that in this paper we do not carry
out an exhaustive analysis for these calibrations. Instead, we
apply standard corrections according to the literature. Ad-
ditionally, we derive the GSMF from z = 4 to z = 10 based
on the observed evolution of UV luminosity functions and
stellar mass-UV luminosity ratios. Next, we briefly describe
the corrections that we include in our set of GSMFs.
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Author Redshifta Ω [deg2] Corrections
Bell et al. (2003) z ∼ 0.1 462 I+SP+C
Yang, Mo & van den Bosch (2009a) z ∼ 0.1 4681 I+SP+C
Li & White (2009) z ∼ 0.1 6437 I+P+C
Bernardi et al. (2010) z ∼ 0.1 4681 I+SP+C
Baldry et al. (2012) 0 < z < 0.06 143 C
Bernardi et al. (2013) z ∼ 0.1 4681 I+SP+C
Rodriguez-Puebla et al. in prep z ∼ 0.1 7748 S
Drory et al. (2009) 0 < z < 1 1.73 SP+C
Moustakas et al. (2013) 0 < z < 1 9 SP+D+C
Pe´rez-Gonza´lez et al. (2008) 0.2 < z < 2.5 0.184 I+SP+D+C
Tomczak et al. (2014) 0.2 < z < 3 0.0878 C
Ilbert et al. (2013) 0.2 < z < 4 2 C
Muzzin et al. (2013) 0.2 < z < 4 1.62 I+C
Santini et al. (2012) 0.6 < z < 4.5 0.0319 I+C
Mortlock et al. (2011) 1 < z < 3.5 0.0125 I+C
Marchesini et al. (2009) 1.3 < z < 4 0.142 I+C
Stark et al. (2009) z ∼ 6 0.089 I
Lee et al. (2012) 3 < z < 7 0.089 I+SP+C
Gonza´lez et al. (2011) 4 < z < 7 0.0778 I+C
Duncan et al. (2014) 4 < z < 7 0.0778 C
Song et al. (2015) 4 < z < 8 0.0778 I
This paper, Appendix D 4 < z < 10 0.0778 –
Notes: aIndicates the redshifts used in this paper. I=IMF; P= photometry corrections; S=Surface Brightness correction; D=Dust
model; NE= Nebular Emissions: SP = SPS Model: C = Cosmology.
4.1.1 Systematic Effects on the GSMF
One of the most important sources of calibration is the IMF
since it determines the overall normalization of the stellar
mass-to-light ratios. In this paper we will assume that the
IMF is universal, i.e., it is independent of time, galaxy type,
and environment. Note, however, that there is not a consen-
sus on this, since there exist arguments in favour (e.g. Bas-
tian, Covey & Meyer 2010) and against (e.g. Conroy et al.
2013) the universality of the IMF. For the case of a universal
IMF, the choice of one or another IMF is a source of a sys-
tematic change in stellar mass, i.e., between two universal
IMFs there is a constant offset. The most popular choices for
the IMFs are Salpeter (1955), diet Salpeter, Chabrier (2003),
and Kroupa (2001). For determining the redshift evolution of
the GSMF, we correct observations to the IMF of Chabrier
(2003). We apply the following offsets:
MC03 = MS55 − 0.25 = MDS − 0.1 = MK01 − 0.05, (37)
The subscripts refer to Salpeter (1955), diet Salpeter, and
Kroupa (2001) respectively. Note that the above offsets are
in dex with M referring to the log of the stellar mass derived
using their corresponding IMF. We use Table 2 in Bernardi
et al. (2010) for these corrections.
The second most important source of calibration is the
choice of SPS model due to uncertain stellar evolutionary
phases. The treatment of the thermally pulsating asymp-
totic horizontal branch stars (TP-AGB) has received, par-
ticularly, much attention in recent years. Including the TP-
AGB can lower the stellar mass of a single stellar population
by >∼ 50% for an age of ∼ 1 Gyr (Chabrier IMF), but as
the population gets older, the mass difference between the
models that include or not the TP-AGB tends to disappear
(Bruzual 2007). Nonetheless, the SF histories of galaxies are
much more complex than the one of a single stellar popula-
tion. Muzzin et al. (2013, see also, Maraston 2005; Maraston
et al. 2006; Muzzin et al. 2009; Marchesini et al. 2009) have
compared the stellar masses of galaxies at different redshifts
by using the SPS models of Maraston (2005), which include
TP-AGB, with those of Bruzual & Charlot (2003), which do
not include the TP-AGB. The authors show that there is a
systematic effect on the stellar masses of galaxies between
the results from Maraston (2005) and Bruzual & Charlot
(2003) at all redshifts, though the effect may change with
redshift depending on the galaxy populations. Here we apply
only conservative corrections.
In this paper we calibrate all observations to a Bruzual
& Charlot (2003) SPS model by applying the following sys-
tematic offsets:
MBC03 = MBC07 + 0.13 = MP,0.1 − 0.05 =
= MP,z + 0.03 = MM05 + 0.2 = MFSPS − 0.05. (38)
The subscript BC07 refers to the Bruzual (2007) SPS model,
P,0.1 for PEGASE SPS model (Fioc & Rocca-Volmerange
1997) at z ∼ 0.1 while P,z for PEGASE SPS model at high
z. The subscript M05 refers to the Maraston (2005) SPS
model and FSPS to the Conroy, Gunn & White (2009) SPS
model. For the offset between BC03 and BC07 as well as for
the offset between BC03 and M05 we used the analysis from
Muzzin et al. (2009). For the PEGASE SPS model at z ∼ 0.1
we use the offset noted by Bell & de Jong (2001) in their
stellar mass-to-light ratios. For the PEGASE SPS model at
high z we use the 0.03 dex offset reported in Pe´rez-Gonza´lez
et al. (2008). Note that the latter offset is only applied to
the GSMFs reported in Pe´rez-Gonza´lez et al. (2008). For
the offset between BC03 and FSPS SPS models at z ∼ 0.1
we use the offset estimated in Moustakas et al. (2013) based
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on fitting the SDSS and GALAXES photometry using their
iSEDfit code for galaxies at z ∼ 0.1, see their figure 19 and
Figure 6 in Conroy (2013).
The choice of the dust attenuation model, star forma-
tion history, and metallicity are other sources of systemat-
ics when deriving stellar masses. For the dust attenuation
model we calibrate all observations to a Calzetti et al. (2000)
law. Based on the analysis carried out in Pe´rez-Gonza´lez
et al. (2008), these authors found that a Charlot & Fall
(2000) dust attenuation model gives, on average, galaxy stel-
lar masses that are 0.1 dex larger compared to a Calzetti
et al. (2000) law. In this paper we use this offset. Addi-
tionally, Muzzin et al. (2009) found that the median offsets
for the Small and Large Magellanic Clouds and Milky-Way
dust attenuation models are respectively -0.061, +0.036 and
+0.05 dex. Finally, we assume that the choice of star for-
mation histories and metallicity do not have any notable
effect on the GSMF beyond the random uncertainties as de-
mostrated in Muzzin et al. (2013). Random uncertainties
were discussed in Section 2.
To account for differences in cosmologies, To account for
differences in cosmologies, we scale the GSMFs to our Planck
?CDM cosmology with ΩΛ = 0.693,ΩM = 0.307, h = 0.678,
and h = 0.678 using the relation we scale the GSMFs as:
φg,us = φg,lit × Vlit
Vus
, (39)
where V is the comoving volume observed for each galaxy
redshift survey
V =
∫
Ω
∫ zf
zi
d2Vc
dzdΩ
dzdΩ. (40)
Here, zf and zi are the maximum and minimum redshift
where each GSMF has been observed, Ω is the solid angle
of the survey, see Table 1, and V is the comoving volume
in a ΛCDM universe (Hogg 1999). As for stellar masses we
correct cosmology by simply M∗,us = M∗,lit×h2lit/h2us, where
h is the Hubble parameter. Note, however, that the impact
of accounting for different cosmologies is very small.
Finally, we do not account for any systematic effect due
to cosmic variance.
4.1.2 Other Effects on the GSMF
Here we discuss more specific calibrations that are known to
affect some observations of the GSMF.
We do not include aperture corrections. Previous stud-
ies (Bernardi et al. 2010, 2013, 2016) have found that the
measurements of the light profiles based on the standard
SDSS pipeline photometry could be underestimated due to
sky subtraction issues. This could result in a underestima-
tion of the abundance of massive galaxies up to a factor of
five. While new algorithms have been developed for obtain-
ing more precise measurements of the sky subtraction and
thus to improve the photometry (Blanton et al. 2011; Simard
et al. 2011; Meert, Vikram & Bernardi 2015) there is not yet
a consensus. For this paper, we decided to ignore this correc-
tion that we may study in more detail in future works. Nev-
ertheless, we apply photometric corrections to the GSMF
reported in Li & White (2009). These authors used stellar
masses estimations based on the SDSS r−band Petrosian
magnitudes. It is well known that using Petrosian magni-
tudes could result in a underestimation of the total light by
an amount that could depend on the surface brightness pro-
file of the galaxy and thus results in the underestimation of
the total stellar mass. This will result in an artificial shift
of the GSMF towards lower masses. In order to account for
this shift for the Li & White (2009) GSMF, we apply a con-
stant correction of 0.04 dex to all masses. As reported by
Guo et al. (2010), this correction gives an accurate repre-
sentation of the GSMF when the total light is considered,
instead.
At z ∼ 0.1 we use the GSMF derived in Rodriguez-
Puebla et al. (in prep.) that has been corrected for the frac-
tion of missing galaxies due to surface brightness limits by
combining the SDSS NYU-VAGC low-redshift sample and
the SDSS DR7 based on the methodology described in Blan-
ton et al. (2005b). Following Baldry et al. (2012), we correct
the GSMF for the distances based on Tonry et al. (2000). We
found that including missing galaxies due to surface bright-
ness incompleteness could increase the number of galaxies up
to a factor of ∼ 2−3 at the lowest masses, see Figure C1, and
therefore have a direct impact on the SHMR. As for the new
discoveries of the population of ultra-diffuse galaxies (UDGs
van Dokkum et al. 2015a), their impact on the GSMF is not
yet clear, nor is how to incorporate corrections due to surface
brightness incompleteness. Note, however, that most of the
UDGs have been discovered in massive clusters (particularly
in the Coma Cluster van Dokkum et al. 2015a; Yagi et al.
2016), with very few examples in the field (e.g., Mart´ınez-
Delgado et al. 2016). If the UDG population is only common
in Coma-like clusters, then we could conclude that the im-
pact of UDGs on the GSMF would be minimum given the
low frequency of such massive objects.
Finally, unlike for the local SDSS survey, at higher red-
shifts we do not expect significant surface brightness incom-
pleteness at the low-mass end because (1) most of the high-
redshift surveys employed by us are deep (e.g., COSMOS,
UltraVISTA, CANDELS; these surveys have been shown to
be complete in surface brightness down to their magnitude
(mass) limits); and (2) at higher redshifts the galaxies tend
to be more compact in the UV-optical bands than the local
ones (see e.g. van der Wel et al. 2014), in such a way that
they are expected to have higher surface brightnesses.
4.1.3 The Evolution of the local GSMF
Appendix D describes our inference of the GSMF from z ∼ 4
to z ∼ 10. In short, we use several UV LFs reported in the
literature together with stellar mass-UV luminosity relations
from Duncan et al. (2014); Song et al. (2015); Dayal et al.
(2014) to derive the evolution of the GSMF from z ∼ 4 to
z ∼ 10. We assume a survey area of 0.0778 deg2s as in the
CANDELS survey (e.g., Song et al. 2015).
Figure 1 shows the evolution of the GSMF from z ∼ 0.1
to z ∼ 10. The filled circles show the mean of the ob-
served GSMFs that we use through this paper in various
redshift bins, while the errors bars represent the propaga-
tion of the individual errors from the GSMF. Alternatively,
we also compute standard deviations from the set of GSMF.
We calculated the mean and the standard deviation of the
observed GSMFs by using the bootstrapping approach of
resampling with replacement. We use the bootstrapping ap-
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Table 2. Observational data on the star formation rates
Author Redshifta SFR Estimator Corrections Type
Chen et al. (2009) z ∼ 0.1 Hα/Hβ S All
Salim et al. (2007) z ∼ 0.1 UV SED S All
Noeske et al. (2007b) 0.2 < z < 1.1 UV+IR S All
Karim et al. (2011) 0.2 < z < 3 1.4 GHz I+S+E All
Dunne et al. (2009) 0.45 < z < 2 1.4 GHz I+S+E All
Kajisawa et al. (2010) 0.5 < z < 3.5 UV+IR I All
Whitaker et al. (2014) 0.5 < z < 3 UV+IR I+S All
Sobral et al. (2014) z ∼ 2.23 Hα I+S+SP SF
Reddy et al. (2012) 2.3 < z < 3.7 UV+IR I+S+SP SF
Magdis et al. (2010) z ∼ 3 FUV I+S+SP SF
Lee et al. (2011) 3.3 < z < 4.3 FUV I+SP SF
Lee et al. (2012) 3.9 < z < 5 FUV I+SP SF
Gonza´lez et al. (2012) 4 < z < 6 UV+IR I+NE SF
Salmon et al. (2015) 4 < z < 6 UV SED I+NE+E SF
Bouwens et al. (2011) 4 < z < 7.2 FUV I+S SF
Duncan et al. (2014) 4 < z < 7 UV SED I+NE SF
Shim et al. (2011) z ∼ 4.4 Hα I+S+SP SF
Steinhardt et al. (2014) z ∼ 5 UV SED I+S SF
Gonza´lez et al. (2010) z = 7.2 UV+IR I+NE SF
This paper, Appendix D 4 < z < 8 FUV I+E+NE SF
Notes aIndicates the redshift used in this paper. I=IMF; S=Star formation calibration; E=Extinction; NE= Nebular Emissions;
SP=SPS Model
proach since it allows us to empirically derive the distribu-
tion of current observations of the GSMFs and thus robustly
infer the mean evolution of the GSMFs. Methodologically,
we start by choosing various intervals in redshift as indicated
in the labels in Figure 1. For each redshift bin, we create
30, 000 bootstrap samples based on the observed distribu-
tion of all the GSMFs for that redshift bin, φgobs(M∗, z),
and then compute the median and its corresponding stan-
dard deviation from the distribution for a given stellar mass
interval.
A few features of the mean evolution of the observed
GSMF are worth mentioning at this point. At high redshifts
the GSMF is described by a Schechter function, as has been
pointed out in previous papers (see e.g., Grazian et al. 2015;
Song et al. 2015; Duncan et al. 2014). At high redshifts, the
faint-end slope becomes steeper (see e.g., Song et al. 2015;
Duncan et al. 2014). As the galaxy population evolves, mas-
sive galaxies tend to pile up around M∗ ∼ 3× 1010M due
to the increasing number of massive quenched galaxies at
lower redshifts (see e.g., Bundy et al. 2006; Faber et al. 2007;
Peng et al. 2010; Pozzetti et al. 2010; Muzzin et al. 2013).
These represent a second component that is well described
by a Schechter function, and thus the resulting GSMF at low
redshifts is better described by a double Schechter function.
4.2 Star Formation Rates
In this paper, we use a compilation of 19 studies from the
literature for the observed SFRs as a function of stellar mass
at different redshifts. Table 2 lists the references that we
utilize.
As for the GSMFs, in order to directly compare the
different SFR samples we applied some calibrations. To do
so, we follow Speagle et al. (2014) who used a compilation
to study star formation from z ∼ 0 to z ∼ 6 by correcting
Figure 1. Redshift evolution from z ∼ 0.1 to z ∼ 10 of the galaxy
stellar mass function (GSMF) derived by using 20 observational
samples from the literature and represented with the filled circles
with error bars. The various GSMFs have been homogenized and
corrected for potential systematics that could affect our results,
see the text for details. Solid lines are the best fit model from a
set of 3 × 105 MCMC trials, see Section 5. These fits take into
account uncertainties affecting the GSMF as discussed in the text.
Note that at lower redshifts (z <∼ 3) galaxies tend to pile up at
M∗ ∼ 3× 1010M due to the increase in the number of massive
quenched galaxies at lower redshifts.
for different assumptions regarding the IMF, SFR indica-
tors, SPS models, dust extinction, emission lines and cos-
mology. The reader is referred to that paper for details on
their calibrations. In Table 2 we indicate the specific cali-
brations applied to the data. Note that in order to constrain
our model we use observations of the SFRs for all galaxies.
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Complete samples, however, for all galaxies are only avail-
able at z < 3. Therefore, here we decided to include SFRs
samples from star-forming galaxies, especially at high z > 3.
Using only star-forming galaxies at high redshift is not a big
source of uncertainty since most of the galaxies at z > 3 are
actually star forming, see e.g. Figure 2. The last column of
Table 2 indicates the type of the data, namely, if the sam-
ple is for all galaxies or for star-forming galaxies, and the
redshift range.
In addition to the compiled sample for z > 3, here we
calculate average SFRs using again the UV LFs described in
Appendix D. We begin by correcting the UV rest-frame ab-
solute magnitudes for extinction using the Meurer, Heckman
& Calzetti (1999) average relation
〈AUV〉 = 4.43 + 1.99〈β〉, (41)
where 〈β〉 is the average slope of the observed UV con-
tinuum. We use the following relationship independent of
redshift: 〈β〉 = −0.11 × (MUV + 19.5) − 2, which is consis-
tent with previous determination of the β slope (see e.g.,
Bouwens et al. 2014). Then we calculate UV SFRs using the
Kennicutt (1998) relationship
SFR
M yr−1
(LUV) =
LUV/erg s
−1 Hz−1
13.9× 1027 . (42)
We subtract -0.24 dex to be consistent with a Chabrier
(2003) IMF. Finally, we calculate the average SFR as a func-
tion of stellar mass as
〈log SFR (M∗, z)〉 = φ−1∗ (M∗, z)
∫
P (M∗|MUV, z)×
log SFR(MUV)φUV(MUV, z)dMUV. (43)
Both the probability distribution function P (M∗|MUV, z)
and the function φ∗(M∗, z) are described in detail in Ap-
pendix D. We use the following intervals of integration:
MUV ∈ [−17,−22.6] at z = 4; MUV ∈ [−16.4,−23] at z = 5;
MUV ∈ [−16.75,−22.5] at z = 6; MUV ∈ [−17,−22.75] at
z = 7 and MUV ∈ [−17.25,−22] at z = 8.
4.3 Cosmic Star Formation Rate
We use the CSFR data compilation from Madau & Dickin-
son (2014). This data was derived from FUV and IR rest
frame luminosities by deriving empirical dust corrections to
the FUV data in order to estimate robust CSFRs. We ad-
justed their data to a Chabrier (2003) IMF by subtracting
0.24 dex from their CSFRs. Finally, for z > 3 we calculate
the CSFR using again the UV dust-corrected LFs and SFRs
described above and using the same integration limit as in
Madau & Dickinson (2014). We find that our CSFR is con-
sistent with the compilation derived in Madau & Dickinson
(2014) over the same redshift range.
4.4 The Fraction of Star-Forming and Quiescent
Galaxies
In this paper we interchangeably refer to star-forming galax-
ies as blue galaxies and quiescent galaxies as red galaxies. We
utilize the fraction of blue/star-forming and red/quenched
galaxies as a reference to compare with our model and thus
gain more insights on how galaxies evolve from active to
passive as well as on their structural evolution (discussed in
Figure 2. The stellar mass M50(z) at which the fractions of blue
star-forming and red quenched galaxies are both 50%. The open
square with error bars shows the transition mass for local galaxies
as derived in Bell et al. (2003) based on the SDSS DR2, while
the filled triangles show the transition mass derived in Bundy
et al. (2006) based on the DEEP2 survey. Drory & Alvarez (2008)
based on the FORS Deep Field survey is indicated with the long
dashed line; observations from Pozzetti et al. (2010) based on the
COSMOS survey are indicated with the x symbols; observations
from Baldry et al. (2012) based on the GAMA survey are shown
with a filled square; and observations from Muzzin et al. (2013)
based on the COSMOS/ULTRAVISTA survey are shown as filled
circles. The empirical results based on abundance matching by
Firmani & Avila-Reese (2010) are shown with the short dashed
lines. The solid black line shows the relation log(M50(z)/M) =
10.2 + 0.6z employed in this paper, which is consistent with most
of the above studies. The gray solid lines show the results when
shifting (M50(z)/M) 0.1 dex higher and lower. The red (blue)
curves show the stellar mass vs. z where 75% (25%) of the galaxies
are quenched.
Section 7). For the fraction of quiescent galaxies fQ we use
the following relation:
fQ(M∗, z) =
1
1 + (M∗/M50(z))α
, (44)
where M50 is the transition stellar mass at which the frac-
tions of blue star-forming and red quenched galaxies are
both 50%. Figure 2 shows M50 as a function of redshift
from observations and previous constraints. The solid black
line shows the relation log(M50(z)/M) = 10.2 + 0.6z that
we will employ in this paper, and the gray solid lines show
the results when shifting (M50(z)/M) by 0.1 dex above
and below. We will use this shift as our uncertainty in
the definition for log(M50(z)/M). The red (blue) curves
in the figure show the stellar mass vs. redshift where 75%
(25%) of the galaxies are quenched. Finally, we will as-
sume that α = −1.3. The transition stellar mass is such
that at z = 0 log(M50(z)/M) = 10.2 and at z = 2
log(M50(z)/M) = 11.4.
We note that our statistical treatment of quenched vs.
star-forming galaxies is rather different from a common ap-
proach in the literature, in which a given galaxy is considered
to be quenched based on its specific star formation rate and
redshift. For example, Pandya et al. (2016) defines transi-
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tion galaxies to have sSFR between 0.6 dex (1.5σ) and 1.4
dex (3.5σ) below the star-forming main sequence, with fully
quenched galaxies having sSFR even farther below the main
sequence. But our statistical approach does not permit this.
5 CONSTRAINING THE MODEL
The galaxy population in our model is described by four
properties: halo mass Mvir, halo mass accretion rates, stel-
lar mass M∗, and star formation rate SFR. In order to con-
strain the model we combine several observational data sets,
including the GSMFs, the SFRs and the CSFR for all galax-
ies. In this Section we describe our adopted methodology as
well as the best resulting fit parameters in our model.
In order to sample the best-fit parameters that maxi-
mize the likelihood function L ∝ e−χ2/2 we use the MCMC
approach, described in detail in Rodr´ıguez-Puebla, Avila-
Reese & Drory (2013).
We compute the total χ2 as,
χ2 = χ2GSMF + χ
2
SFR + χ
2
CSFR (45)
where for the GSMFs we define
χ2GSMF =
∑
j,i
χ2φj,i , (46)
for the SFRs
χ2SFR =
∑
j,i
χ2SFRj,i , (47)
and for the CSFRs
χ2CSFR =
∑
i
χ2ρ˙i . (48)
In all the equations the sum over j refers to different stellar
mass bins while i refers to summation over different red-
shifts. The fittings are made to the data points with their
error bars of each GSMF, SFR and CSFR.
In total our galaxy model consists of eighteen ad-
justable parameters. Fifteen are to model the redshift
evolution of the SHMR, Equations (27)–(31): ~pSHMR =
{0, 1, 2, 3,MC0,MC1,MC2, α, α1, α2, δ0, δ1, δ2, γ0, γ1}; and
three more to model the fraction of stellar mass growth due
to in-situ star formation: ~pin situ = {Min situ,0,Min situ,1, β}.
To sample the best fit parameters in our model we run a set
of 3× 105 MCMC models. The resulting best-fit parameters
are given in Equations (49) – (55).
Figure 1 shows the best-fit model GSMFs from z ∼ 0.1
to z ∼ 10 with the solid lines as indicated by the labels. This
figure shows the evolution of the observed GSMF based in
our compiled data described in Section 4.1.
Figure 3 shows the SFRs as a function of redshift z in
five stellar mass bins. The observed SFRs from the literature
are plotted with filled circles with error bars while the best
fit model is plotted with the solid black lines. We also present
our best fitting models by plotting the specific SFRs as a
function of stellar mass in Figure 4. Note that our model
fits describe rather well the observations at all mass bins
and all redshifts.
We present the best-fit model to the CSFR in the up-
per Panel of Figure 5. The observed CSFRs employed for
constraining the model are shown with the solid circles and
error bars. The lower Panel of Figure 5 compares the cosmic
stellar mass density predicted by our model fit with the data
compiled in the review by Madau & Dickinson (2014); the
agreement is impressive.
In Appendix A we discuss the impact of the different
assumptions employed in the modelling. The best fitting pa-
rameters to our model are as follows:
log((z)) = −1.758± 0.040+
P(0.110± 0.166,−0.061± 0.029, z)×Q(z)+
P(−0.023± 0.009, 0, z),
(49)
log(M0(z)) = 11.548± 0.049+
P(−1.297± 0.225,−0.026± 0.043, z)×Q(z), (50)
α(z) = 1.975± 0.074+
P(0.714± 0.165, 0.042± 0.017, z)×Q(z), (51)
δ(z) = 3.390± 0.281+
P(−0.472± 0.899,−0.931± 0.147, z)×Q(z), (52)
γ(z) = 0.498± 0.044 + P(−0.157± 0.122, 0, z)×Q(z), (53)
log(Min situ(z)) = 12.728± 0.163+
P(2.790± 0.163, 0, z), (54)
β(z) = 0.760± 0.032 + log(1 + z). (55)
For our best fitting model we find that χ2 = 522.8 from
a number of Nd = 488 observational data points. Since our
model consist of Np = 18 free parameters the resulting re-
duced χ2 is χ2/d.o.f. = 1.11.
6 THE GALAXY-HALO CONNECTION
6.1 The Stellar-to-Halo Mass Relation from
z ∼ 0.1 to z ∼ 10
The upper panel of Figure 6 shows the constrained evolu-
tion of the SHMR while the lower panel shows the stellar-
to-halo mass ratio from z ∼ 0.1 to z ∼ 10. Recall that in
the case of central galaxies we refer to Mhalo as the virial
mass Mvir of the host halo, while for satellites Mhalo refers
to the maximum mass Mpeak reached along the main pro-
genitor assembly history. Consistent with previous results
the SHMR appears to evolve only very slowly below z ∼ 1.
This situation is quite different between z ∼ 1 and z ∼ 7,
where at a fixed halo mass the mean stellar mass is lower at
higher redshifts. The middle panel of the same figure shows
the 1σ confidence intervals of our constrained SHMRs from
the 3×105 MCMC models. Finally, we estimate at each red-
shift the largest halo mass that will be observed using the
solid angles and redshift bins of the surveys from Table 1.
We use these halo masses as the upper bounds to the virial
halo masses shown in Figure 6. Finally, Table 3 lists the
range over which our mass relations can be trust.
The maximum of the stellar-to-halo mass ratio is
around Mvir ∼ 1012M at z ∼ 0.1 with a value of ∼ 0.03.
The maximum moves to higher mass halos at higher red-
shifts up to z ∼ 3, consistent with previous studies (see
e.g., Conroy & Wechsler 2009; Firmani & Avila-Reese 2010;
Behroozi, Conroy & Wechsler 2010; Leauthaud et al. 2012;
Yang et al. 2012; Behroozi, Wechsler & Conroy 2013b;
Moster, Naab & White 2013; Skibba et al. 2015). The value
of the maximum of the stellar-to-halo mass ratio moves to
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Figure 3. Star formation rates as a function of redshift z in five stellar mass bins. Black solid lines shows the resulting best fit model
to the SFRs implied by our approach. The filled circles with error bars show the observed data as described in the text, see Section 2.
Figure 4. Specific SFRs as a function of stellar mass from z ∼ 0.1
to z ∼ 6. The solid lines show our best fitting model while the
shaded areas show the 1σ confidence intervals using our set of
MCMC trials. The filled circles show the observations we utilize
to constrain our model.
lower values with increasing redshift, decreasing by approx-
imately a factor of 3 between z ∼ 0.1 and z ∼ 4. At red-
shift z ∼ 7 the stellar-to-halo mass ratio has decreased by
an order of magnitude. Nonetheless, given the uncertainties
when deriving the GSMFs at high redshifts z > 4, this result
should be taken with caution. For comparison, the dashed
lines in both panels show the cosmic baryon fraction im-
Table 3. Minimum and maximum halo masses over which our
mass relations can be trusted.
z logMvir,min[M] logMvir,max[M]
0.1 10.3 15.0
0.5 10.8 14.3
1 11.0 14.1
2 11.5 13.7
3 10.6 13.3
4 10.2 12.3
5 10.2 12.0
6 10.2 11.7
7 10.2 11.4
8 10.2 11.1
9 10.3 11.1
10 10.3 11.1
plied by the Planck Collaboration et al. (2016) cosmology,
fb = ΩB/ΩM ≈ 0.16.
Next we study the integral stellar conversion efficiency,
defined as η = f∗/fb. This is shown in the left panel of
Figure 7 for progenitors of dark matter halos with masses
between Mvir = 10
11M and Mvir = 1015M at z = 0.
Dark matter halos are most efficient when their progenitors
reached masses between Mvir ∼ 5 × 1011M − 2 × 1012M
at z < 1, and the stellar conversion efficiency is never larger
than η ∼ 0.2. Note that Zehavi et al. (2011) reached a
similar conclusion when estimating the HOD model of the
SDSS survey utilizing the observed galaxy clustering. The-
oretically, the characteristic halo mass of ∼ 1012h−1M is
expected to mark a transition above which the stellar con-
version becomes increasingly inefficient. The reason is that
at halo masses above 1012h−1M the efficiency at which
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Figure 5. Upper Panel: Cosmic star formation rate, CSFR.
The solid black line shows the resulting best fit model to the
CSFR as described in Section 2.4. Filled red and violet circles
show a set of compiled observations by Madau & Dickinson (2014)
from FUV+IR rest frame luminosities. UV luminosities are dust-
corrected. Black solid circles show the results from the UV dust-
corrected luminosity functions described in Appendix D. Lower
Panel: Cosmic stellar mass density. The solid black line shows
the predictions for our best fit model. Filled black circles show
the data points compiled in Madau & Dickinson (2014). All data
was adjusted to the IMF of Chabrier (2003). In both panels, the
light grey shaded area shows the systematic assumed to be of 0.25
dex.
the virial shocks form and heat the incoming gas increases
(e.g., Dekel & Birnboim 2006). Additionally, in such massive
galaxies the gas can be kept from cooling by the feedback
from active galactic nuclei (Croton et al. 2006; Cattaneo
et al. 2008; Henriques et al. 2015; Somerville & Dave´ 2015,
and references therein). Central galaxies in massive halos
are therefore expected, in a first approximation, to become
passive systems roughly at the epoch when the halo reaches
the mass of 1012h−1M, thus the term halo mass quench-
ing. On the other hand, the less massive the halos, the less
efficient their growth in stellar mass is expected to be due
to supernova-driven gas loss in their lower gravitational po-
tentials.
The right panel of Figure 7 shows the stellar conversion
efficiency for the corresponding stellar mass growth histories
of the halo progenitors discussed above. The range of the
transition stellar mass M50(z), defined as the stellar mass at
which the fraction of star forming is equal to the fraction of
quenched galaxies (see Figure 2 and Section 7), is shown by
the dashed lines. Below these lines galaxies are more likely to
be star forming. Note that the right panel of Figure 7 shows
Figure 6. Upper panel: Evolution of the mean stellar-to-halo
mass relation from z = 0.1 to z = 10 as indicated in the legends.
In our model we assume that these relations are valid both for cen-
tral and satellite galaxies as explained in the text. The relations
are shown only up to the largest halo mass that will be observed
using the solid angles and redshift bins of the surveys from Table
1. Table 3 lists the range over which our mass relations can be
trust. Middle panel: 1σ confidence intervals from the 3 × 105
MCMC trials. Bottom panel: Evolution of the stellar-to-halo
mass ratios M∗/Mvir for the same redshifts as above. The dotted
lines in both panels show the limits corresponding to the cosmic
baryon fraction ΩB/ΩM ≈ 0.16.
that M50(z) roughly coincides with where η is maximum,
especially at low z. This reflects the fact that halo mass
quenching is part of the physical mechanisms that quench
galaxies in massive halos. We will come back to this point
in Section 8.2.
Finally, Figure 8 shows the trajectories for the M∗/Mvir
ratios of progenitors of dark matter halos with masses be-
tween Mvir = 10
11M and Mvir = 1015M at z = 0. Note
that galaxies in halos above Mvir = 10
12M had a maximum
followed by a decline of their M∗/Mvir ratio, while this ratio
for galaxies in less massive halos continues increasing today.
6.2 Galaxy Growth and Star-Formation Histories
Figure 9 shows the predicted star formation histories for
progenitors of average dark matter halos at z = 0 with
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Figure 7. Left Panel: Integral stellar conversion efficiency, defined as η = f∗/fb, as a function of halo mass for progenitors at z = 0.
The black solid lines show the trajectories for progenitors with Mvir = 10
11, 1011.5, 1012, 1013, 1014 and 1015M. Right Panel: Integral
stellar conversion efficiency η but now as a function of stellar mass for the corresponding halo progenitors. The stellar conversion efficiency
is higher at low redshifts, z ∼ 0, and highest for halo progenitors at z = 0.1 between Mvir ∼ 5× 1011M − 2× 1012M corresponding
to galaxies between M∗ ∼ 1010M − 4 × 1010M. In both panels, the dotted lines show M50(z) above which 50% of the galaxies are
statistically quenched, and the upper (lower) long-dash curves show the mass vs. z where 75% (25%) of the galaxies are quenched.
Figure 8. Evolution of the stellar-to-halo mass ratio for progen-
itors with Mvir = 10
11, 1011.5, 1012, 1013, 1014 and 1015M at
z = 0.
masses between Mvir = 10
11M and Mvir = 1015M. Panel
a) shows the resulting 3D surface for the redshift evolution
of the stellar-to-halo mass relation for progenitors of dark
matter halos at z = 0. We color code the star formation
rates as indicated by the vertical label. For reference, the
solid black lines show the average trajectories for progeni-
tors with Mvir = 10
11, 1011.5, 1012, 1013, 1014 and 1015M.
Panel b) shows the evolution of the SHMRs for the same
progenitors while panels c) and d) show, respectively, the
projections of star formation histories as a function of halo
mass and their corresponding stellar masses. Previous stud-
ies have shown related figures to the panels in Figure 9 (see
e.g., Firmani & Avila-Reese 2010; Krumholz & Dekel 2012;
Behroozi, Wechsler & Conroy 2013b; Yang et al. 2013). We
note that our results are qualitatively similar to these pre-
vious studies, updated by using more recent observational
data for the GSMFs, SFRs and the CSFR.
Figure 9 shows that the star formation histories in the
most massive halos, Mvir >∼ 1013M, increased with redshift
reaching a maximum value between z ∼ 1 − 4. On aver-
age, the most massive halos could reach SFRs as high as
SFR ∼ 200 M/yr in this redshift interval. Following this
very intense period of star formation their SFR decreases,
and by z ∼ 0.1 they are already quenched. This implies that
in the most massive halos the stellar mass of their galaxy
was already in place since z ∼ 1. In contrast, galaxies in
low mass halos (Mvir ∼ 1011M) on average form stars late
and approximately at a constant rate, with very low rates
typically below SFR ∼ 0.1 M/yr. As for MW-sized halos
(Mvir ∼ 1012M), it seems that their galaxies went through
various phases. The first phase is a moderate rate of growth
up to ∼ 1.5. They reach an intense period of star formation
around z ∼ 1, with values around ∼ 10 M/yr, and then
decline. According to our model this period of intense star
formation is not associated with galaxy mergers as we will
discuss in next subsection.
It is interesting that panel b) shows that the spread of
trajectories of the galaxies in the SHMR plane is very nar-
row, giving the impression that the SHMR is time indepen-
dent. Recall that Figure 9 shows the backwards trajectories
for halos at z = 0 (i.e., their progenitors) reflecting the fact
that halo mass (and consequently galaxy mass) is, on av-
erage, increasing at all redshifts. As discussed in previous
studies, a roughly time independent SHMR for 0 <∼ z <∼ 4 is
consistent with observed evolution of the SFRs, especially
for star-forming main sequence galaxies (Behroozi, Wechsler
& Conroy 2013a; Rodr´ıguez-Puebla et al. 2016b).
Theoretically, it is expected that dark matter halos con-
trol the growth of their host galaxies (see e.g. Bouche´ et al.
2010; Dekel et al. 2009; Dave´, Finlator & Oppenheimer 2012;
Krumholz & Dekel 2012; Dekel et al. 2013; Dekel & Man-
delker 2014; Mitra, Dave´ & Finlator 2015; Feldmann 2015;
Feldmann & Mayer 2015; Rodr´ıguez-Puebla et al. 2016b).
We investigate this in the left panel of Figure 10 where
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Figure 9. Panel a): Galaxy SFRs as a function of redshift, halo mass, and stellar mass. The solid lines indicate the average trajectories
corresponding to progenitors at z = 0 with Mvir = 10
11, 1011.5, 1012, 1013, 1014 and 1015M. The color code shows the SFRs. Panel
b): Galaxy growth trajectories in the stellar-to-halo mass plane (this is a projection of Panel a) when collapsing over the redshift axis).
Panel c): Galaxy SFRs along the halo mass trajectories (this is a projection of the Panel a) when collapsing over the M∗ axis). Panel
d): Galaxy SFRs along the stellar mass trajectories (this is a projection of the Panel a) when collapsing over the Mvir axis). The dotted
lines show M50(z) above which 50% of the galaxies are statistically quenched, and the upper (lower) long-dash curves show the mass vs.
z where 75% (25%) of the galaxies are quenched.
we plot the ratio between the specific star formation rate
(sSFR = SFR/M∗) and the specific halo mass accretion rate
(sMAR = (dMvir/dt)/Mvir), i.e., sSFR/sMAR, as a function
of halo mass.6 Hereafter, we refer to the ratio sSFR/sMAR
as the instantaneous halo star formation efficiency.7 Simi-
larly to our definition of SFRs, halo MARs were measured
6 Observe that the sSFR and the sMAR have units of the inverse
of time. One can interpret them as the characteristic time that
it will take galaxies and halos to double their mass at a constant
assembly rate. Therefore the ratio sSFR/sMAR = th/tg measures
how fast galaxies are gaining stellar mass compared to their halos
gaining total mass.
7 Do not confuse the instantaneous halo star formation efficiency
with the halo stellar conversion efficiency η = f∗/fb. The for-
in time steps of 100 Myrs. Note that halo star formation
efficiencies of the order of unity imply that the assembly
time for galaxies is similar to that for their dark matter ha-
los – in other words, a direct coevolution between galaxies
and dark matter halos. In contrast, values that are in ei-
ther directions much above and below unity imply that the
galaxy stellar mass growth is disconnected from the growth
of its host dark matter halo. Recall that this discussion is
valid only for galaxies in the centers of distinct dark matter
halos.
The main result from Figure 10 is that there is not a
mer is an instantaneous quantity while the latter is an integral
(cumulative) quantity.
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Figure 10. Halo star formation efficiencies, defined as sSFR/sMAR, as a function of halo mass (left panel) and stellar mass (right panel)
for halo progenitors at z = 0. The black solid lines show the trajectories for progenitors with Mvir = 10
11, 1011.5, 1012, 1013, 1014 and
1015M. The short dashed lines show the stellar mass and halo mass at which the observed fraction of star-forming galaxies is equal to
the quenched fraction of galaxies, and the upper (lower) long-dash curves show the stellar mass vs. z where 75% (25%) of the galaxies
are quenched.
Figure 11. Analytic fits to the star formation histories as indicated by the labels. Left Panel: Lognormal fits. Right Panel: Delayed−τ
fits. Note that lognormal fits describe rather well the average star formation histories of galaxies in halos with masses around and below
about Mvir = 10
12M after the first few Gyr. Delayed−τ fits are poor at all but the lowest masses.
universal halo mass (in the sense of it being time indepen-
dent) at which the halo star formation efficiency transits
above and below unity, rather this transition mass depends
on redshift. The transition occurs around Mvir ∼ 1012M
at z ∼ 0 and Mvir ∼ 1013M at z ∼ 3. Additionally, Figure
10 shows that halo star formation efficiencies of ∼ 2− 5 are
typical of low mass halos. However, we find that halo star
formation efficiencies as high as ∼ 10 are reached in halos
with Mvir ∼ 2 × 1011M between z ∼ 0.1 − 1.5. This im-
plies a total disconnection between galaxies and halos. We
will come back to this point below. The right panel of the
same figure shows the corresponding star formation efficien-
cies as a function of stellar mass. The 50% stellar mass at
which the numbers of star-forming and quenched galaxies
are equal is shown as the short dashed lines in both panels
(see also Figure 2). In Figure 10 we observe that galaxies are
more likely to be star-forming when their halo star formation
efficiencies are above sSFR/sMAR ∼ 1. That is, low-mass
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Figure 12. Left Panel: Stellar-halo accretion rate coevolution (SHARC) assumption as a function of halo mass for progenitors at z = 0.
The black solid lines show the trajectories for progenitors with Mvir = 10
11, 1011.5, 1012, 1013, 1014 and 1015M. Right Panel: Like the
left panel, but as a function of stellar mass for their corresponding halo progenitors. These figures show that the SHARC assumption is
a good approximation within a factor of ∼ 2 for star-forming galaxies, which are a majority of those below the quenching curves. Recall
that in both panels, the dashed lines denote M50(z) below/above which 50% of the galaxies are star-forming/quenched, and the upper
(lower) long-dash curves show the stellar mass vs. z where 75% (25%) of the galaxies are quenched.
galaxies form stars much faster than low mass halos gain
mass. In contrast, galaxies with star-formation efficiencies
below sSFR/sMAR ∼ 1 are more likely to be quenched as a
result of high mass halos growing faster compared to their
host galaxies. The above behaviours are commonly referred
in the literature as downsizing in SFR and archeological or
mass downsizing respectively (e.g., Conroy & Wechsler 2009;
Firmani & Avila-Reese 2010, and references therein). The
former implies that low-mass galaxies delayed the stellar
mass assembly with respect to their halos, while the lat-
ter implies that the more massive the galaxies, the earlier
their mass growth was quenched while their halos contin-
ued growing. It is interesting to note that all galaxies that
are quenched today went through a phase in which they
co-evolved with their host halos, i.e., sSFR/sMAR ∼ 1.
We note that the halo star formation efficiency peaks
around progenitors with Mvir ∼ 2 × 1011M, which corre-
sponds to galaxies with masses M∗ ∼ (0.8 − 3) × 109M.
Those galaxies have very high values of sSFR/sMAR ∼
6−10. Moreover, these galaxies spent a considerable amount
of time having large values of sSFR/sMAR – of the order
of few Gyrs. Then, the halo star formation efficiency de-
creases again for progenitors at z ∼ 0 with masses below
Mvir ∼ 2 × 1011M, implying that, at least at z ∼ 0, the
halo mass Mvir ∼ 2 × 1011M is “special”. The fact that
in more massive halos the ratio sSFR/sMAR decreases is
not surprising, this is supported by both theoretical and ob-
servational studies which show that they are more likely to
host quenched galaxies, as we discussed above. Note, how-
ever, that the ratio sSFR/sMAR is not always increasing as
the halo mass decreases, contrary to what one might expect
by extrapolating the trends below Mvir ∼ 2× 1011M. This
may be an indication that galaxy formation in halos with
Mvir <∼ 2× 1011M is somewhat different.
Our best fitting models can provide constraints on
the functional form for the average star formation histo-
ries (SFH) of galaxies. In observational studies, the SFHs
are typically assumed to decline exponentially with time,
but we find that our results do not support this assump-
tion. Figure 11 shows the SFH for progenitors with Mvir =
1011, 1011.5, 1012, 1013, 1014 and 1015M. Note that the
galaxy SFHs are more complex that just a declining expo-
nential model. Note, however, that our results cannot rule
out that the SFHs of individual galaxies may be exponen-
tially declining and we emphasise that in this paper we are
constraining average SFHs. Here we opted to fit the SFHs
to an alternative model. In the left panel of Figure 11 we
present the best fitting models when SFHs are based on a
lognormal function:
SFR(t) =
ASFR√
2piτ2t
exp
[
− (ln t/t0)
2
2τ2
]
, (56)
where t0 represents a formation epoch and τ is the width of
the function, while the right panel shows the same but when
using a delayed−τ model:
SFR(t) = ASFR
(
t− t0
τ2
)
exp
[
− t− t0
τ
]
, (57)
where the parameters t0 and τ have similar interpretations
as above. A motivation for the lognormal model is that Glad-
ders et al. (2013); Abramson et al. (2016); Diemer et al.
(2017) noted that the CSFR is well fitted by a lognormal
model, suggesting that it could also describe the SFHs of
galaxies. The exponentially declining τ model was intro-
duced in pioneer works of galaxy evolution (e.g. Tinsley
1972), who assumed a fixed reservoir of gas that would
be gradually exhausted due to in-situ star formation. Fi-
nally, the delayed-τ models were considered in more recent
observational studies of SFR vs. M∗ at different redshifts
(e.g., Noeske et al. 2007a). We find the best fit parame-
ters of the above functions by using Powell’s direction set
method in multi dimensions (Press et al. 1992) for mini-
mization, using as constraint the values of the SFRs of the
progenitors described above. Tables 4 and 5 list respectively
the best fitting parameters for a lognormal and delayed−τ
SFHs models. Our results show that the delayed−τ model
describes reasonably well the SFHs of galaxies in low-mass
halos, Mvir < 10
12 M. For halos with masses of 1012 M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Table 4. Best fit parameters for SFHs based on a lognormal
model, see Equation (56).
Mvir(z = 0) ASFR [10
9M] τ t0 [Gyrs]
Mvir = 10
11M 1.247 0.771 11.793
Mvir = 10
11.5M 12.643 0.404 9.632
Mvir = 10
12M 56.639 0.354 7.120
Mvir = 10
13M 177.245 0.383 4.101
Mvir = 10
14M 435.354 0.538 3.755
Mvir = 10
15M 577.258 0.584 3.504
Table 5. Best fit parameters for SFHs based on a Delayed−τ
model, see Equation (57).
Mvir(z = 0) ASFR [10
9M] τ [Gyrs] t0 [Gyrs]
Mvir = 10
11M 1.211 6.476 0.708
Mvir = 10
11.5M 29.978 10.452 0.956
Mvir = 10
12M 87.837 5.734 0.932
Mvir = 10
13M 228.725 2.737 0.723
Mvir = 10
14M 490.11 2.207 0.624
Mvir = 10
15M 604.758 1.891 0.562
and larger, this model cannot capture the strong decay in
SFR after the maximum seen in our results, especially in the
most massive halos. The lognormal model describes better
the SFRs of galaxies in these halos at intermediate redshifts,
but for the most massive halos it is unable to describe the
strong SFR decay.
Finally, in Figure 12 we color-code the ratio RSHARC ≡
( M˙∗
M˙vir
)/( ∂M∗
∂Mvir
). In Rodr´ıguez-Puebla et al. (2016b) we
showed that, on average, star-forming galaxies must have
star-formation rates satisfying SFR = M˙∗/(1 − R) =
( ∂M∗
∂Mvir
) × M˙vir/(1 − R), which we called stellar-halo accre-
tion rate co-evolution (SHARC), in order to be consistent
with the SHMR being nearly redshift independent up to
z ∼ 4. We showed that if this is true galaxy-by-galaxy for
most star-forming galaxies, the dispersion of the MAR in the
Bolshoi-Planck simulation predicts the observed dispersion
in the SFR on the Main Sequence of galaxies. The SHARC
assumption is equivalent to RSHARC = 1, and Figure 12
shows that this is a good approximation (RSHARC ≈ 1 to
2) for star-forming galaxies (a majority of those below the
quenching transition marked by the dashed lines, and a de-
creasing fraction of those above it).
6.3 Galaxy Mergers
As discussed previously, galaxies can build their masses via
in-situ star formation and/or through the accretion of ex-
situ stars from other galaxies in mergers. As described in
Section 2.2, our model parameterizes the amount of stellar
mass that galaxies formed via in-situ star formation as a
function of z, denoted by fin situ. The complement to this
function, fex situ = 1− fin situ, is simply the fraction of mass
in stars that were accreted via galaxy mergers. The per-
centage of ex-situ accreted stellar mass is presented in the
left Panel of Figure 13 as a function of halo mass and red-
shift. The instantaneous merger contribution to the stellar
mass growth increases with mass at all epochs. For exam-
ple, at z ∼ 0.1 the growth of the stellar mass in halos above
Mvir ∼ 2×1013M is dominated by galaxy mergers. Observe
that at z ∼ 0.1 around ∼ 15% of the stellar mass growth
in a Milky-Way sized halo is via mergers, while for smaller
halos with Mvir ∼ 1011M this fraction is ∼ 2.5%. The con-
tribution of galaxy mergers declines strongly with redshift,
and at z ∼ 1 halos around Mvir ∼ 1014M are assembling
around ∼ 40% of their mass through mergers.
The right Panel of Figure 13 shows the average cu-
mulative fraction of the stellar mass that was formed ex-
situ. At z ∼ 0 the fraction of mass from galaxy mergers is
∼ 36%, ∼ 14%, ∼ 4%, ∼ 2.4% and ∼ 1.8% for halos with
Mvir = 10
15M, 1014M, 1013M, 1012M and 1011M,
respectively. Note that at z ∼ 1 the cumulative fraction of
stellar mass that was accreted by mergers is ∼ 13% for the
progenitor of a Mvir = 10
15M halo at z = 0, while this
is ∼ 3% for the progenitor of a Mvir = 1014M halo. In
other words, most of the mass gained via galaxy mergers in
high mass halos was from z 6 1. Interesting enough, below
z ∼ 1 high mass halos have little or no star formation. Also,
mergers do not appear to be responsible for the increase in
the SFR of Milky-Way sized halos that suddenly happened
around z ∼ 1 as we noted in Figure 10. According to Figure
13 most of the mass assembly through mergers happened
only very recently; the cumulative fraction was never higher
than ∼ 3%. Moreover, typical Milky-Way sized halos never
experienced a major merger since z ∼ 1. Thus we conclude
that mostly internal process to the galaxy are responsible
for this sudden enhanced in SFR.
A relevant question is which type of mergers, either ma-
jor or minor, are responsible for the ex-situ mass fractions
presented above. This question has been studied in a num-
ber of previous works (Zheng, Coil & Zehavi 2007; Stewart
et al. 2009; Hopkins et al. 2010a,b; Zavala et al. 2012; Avila-
Reese, Zavala & Lacerna 2014; Rodriguez-Gomez et al. 2015,
2016). Here, we introduce a simple model to study the im-
pact of galaxy mergers as a function of mass and time. For
this model, we use the results of halo merger rates as mea-
sured from N−body high resolution simulations convolved
through the evolution of the SHMR. Before continuing the
description of our model, it is important to realize that not
all the merged satellite’s stars may necessarily end up in the
central galaxy. This is because 1) some fraction of stars can
be ejected from the halo if their escape velocities are large
enough and, 2) due to the disruption of satellite galaxies,
i.e., those that do not merge with the central galaxy but are
instead tidally destroyed inside the halo. As a result, some
central galaxies, especially the most massive ones, will be
surrounded by a diffuse stellar structure. In the literature
this is typically referred as intra cluster light (ICL). Note
that even with the most modern instruments in telescopes,
this diffuse stellar structure is very challenging to observe
and typically this is not counted as part of the mass of the
central galaxy. In our model, we use the subhalo destruction
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Figure 13. Left Panel: Instantaneous fraction of mass that formed ex-situ and was accreted by galaxy mergers as a function of the
halo mass at redshift z = 0. Right Panel: Cumulative fraction of mass that formed ex-situ and accreted through galaxy mergers. Note
that ∼ 40% of the final mass in host galaxies of halos with Mvir(0) = 1× 1015 was accreted by galaxy mergers.
Figure 14. Left Panel: Galaxy major merger rate for galaxies with masses above 1× 1010M∗. Solid lines show the predictions based
on our new SHMR while the different symbols show observational estimates from Conselice et al. (2003); Conselice, Rajgor & Myers
(2008); Conselice, Yang & Bluck (2009); Lo´pez-Sanjuan et al. (2009) and Lo´pez-Sanjuan et al. (2010) based on galaxy asymmetries while
Bundy et al. (2009) gives the merger rate fraction from galaxy pairs. Right Panel: Similarly above but for galaxies with masses above
1 × 1010.8M∗. Symbols show data from Bluck et al. (2009) using galaxy asymmetries, Lo´pez-Sanjuan et al. (2012); Man et al. (2012);
Man, Zirm & Toft (2016), Williams, Quadri & Franx (2011) based on galaxy pairs and Lotz et al. (2011) using the data from Lotz et al.
(2008) based on the G−M20 identification technique.
rate to define the galaxy merger rate. Measuring the disrup-
tion rate in simulations is not trivial as the measurements
will depend on the definition and on subhalo completeness.
Normally, disruption is defined when subhalos lose a signifi-
cant amount of their original mass at the infall.8 Thus there
are two scenarios in which subhalos are counted as disrup-
tions, either by being destroyed into the halo at some radii
or merged with the central galaxy of the halo. This could
8 For example Stewart et al. (2009), define a merger when a sub-
halo loses 90% of its mass at accretion.
lead to a potential conflict when interpreting galaxy mergers
through the subhalo destruction rate. The reason is that in
cases in which the subhalo destruction happens at large ra-
dius it would lead to an overestimation of the galaxy merger
rate since it will take some time for the host satellite to
merge with the central galaxy; indeed, for some cases this
time could be larger than the Hubble time. Note, however,
that we are not taking into account the “true” time that
it would take the host satellite to merge with the central
galaxy. Therefore, when comparing our predicted merger
rate with observations one should keep in mind that these
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Figure 15. Upper Panel: Number of major (µ∗ > 1/4, solid
lines) and minor (µ∗ 6 1/4, dashed lines) mergers as a function
of halo mass since z = 1, 2 and 3 as indicated by the labels.
Bottom Panel: Fraction of final mass acquired through galaxy
major mergers since z = 1, 2 and 3. While minor mergers are
more frequent in massive galaxies, most of their accreted mass
was acquired by major mergers.
results could represent an upper limit to the true merger
rates of galaxies. Nevertheless, as shown by Wetzel & White
(2010) the disruption of subhalos occurs mainly in the inner
regions of the halo where the tidal forces are strongest, while
only a small fraction are disrupted at larger radii.
We calculate galaxy mergers by convolving subhalo dis-
ruption rates with the evolution of the SHMRs:
dRm
d logµ∗
(µ∗|Mvir, z) =
∫
P (µ∗|Mpeak, z)×
dRm
d logµpeak
(µpeak|Mvir, z)× d logµpeak, (58)
where dRm/d logµpeak is the disruption rate per host halo
per logarithmic interval in subhalo peak mass to primary
halo mass and per unit of redshift. We use the fitted rela-
tion from Behroozi, Wechsler & Conroy (2013b). The distri-
bution P (µ∗|Mpeak, z) is given by Equation 10 where µ∗ is
the observed satellite-to-central galaxy stellar mass ratio in a
halo of mass Mvir. Note that the above distribution includes
uncertainties due to random errors from stellar masses in
addition to the intrinsic scatter of the SHMR.
Figure 14 shows the galaxy major merger rates calcu-
lated using our SHMRs and compared to observations. In
order to compare directly to our model predictions, we com-
piled estimations of galaxy major merger from the literature
based on stellar mass thresholds samples. The mass thresh-
olds indicated in the upper part of both panels reflect the
fact that we adjusted stellar masses to a Chabrier IMF. Ob-
servational reports from close pairs as well as from measure-
ments using asymmetric features in galaxies are plotted in
Figure 14. We also adjusted galaxy merger rates by using the
cosmologically averaged observability timescales from Lotz
et al. (2011). All samples were selected to have major merg-
ers defined as µ∗ > 1/4.
In general, observations are consistent with our results
especially for lower mass galaxies. This is encouraging given
the uncertainties both in observations and for our model pre-
dictions. Thus, we can conclude that our SHMR constrained
by our semi-empirical modelling in combination with subhalo
merger rates is roughly able to account for observed galaxy
merger rates. The possible disagreement at large masses
might just be reflecting the fact that our definition of galaxy
mergers is related to the disruption rate of subhalos rather
than the “true” central mergers. Recall that we did not take
into account the dynamical friction time for galaxies in sub-
halos that were destroyed at larger radius inside of the host
halo. Since this time is directly proportional to the virial cir-
cular velocity of the host halo, one expects that the overesti-
mation in the merger rate will be larger for the more massive
halos. This leaves a window for decreasing the merger rate
from abundance matching but still being consistent with
the data, and thus leaves some room to improve the study
of mergers using our empirical model.
The number of mergers experienced by the progenitors
described above from z = 0 to z = 1, 2 and 3 are presented
in the upper panel of Figure 15. The solid lines indicate
the major mergers, µ∗ > 1/4, while dashed lines are for the
minor mergers, µ∗ 6 1/4. The black, blue and red colors
are for all the mergers that happened since z = 1, z = 2
and z = 3, respectively. The number of mergers is given by
integrating the merger rate over the assembly history of the
progenitor
Nm(> µ∗|Mvir,0, z0) =∫ 1
µ∗
∫ z
z0
dRm
d logµ∗
(µ∗|Mvir(z|z0), z)dzd logµ∗. (59)
Figure 15 shows that minor mergers happened at least an
order of magnitude more frequently than major mergers.
Galaxies in halos with present day masses Mvir = 10
15M
experienced, on average, ∼ 5, ∼ 3, and ∼ 1.5 major mergers
since z = 3, z = 2 and z = 1. Galaxies in halos with present
day masses Mvir = 10
14M experienced, on average, ∼ 2,
∼ 1.5 and ∼ 0.5 major merger since z = 3, z = 2 and z = 1
while galaxies in halos below Mvir = 10
13M probably never
had a major merger since z = 1 and z = 2 but only one
major merger since z = 3. In contrast, most of the galaxies
have suffered at least a minor merger since z = 2 and at
least a few since z = 3, while central galaxies in massive
halos had tens of minor mergers.
The fact that minor mergers dominate over major ones
is perhaps not surprising given 1) the hierarchical nature of
the LCDM cosmological scenario and 2) the fact that the
number density of low-mass galaxies is much higher than
that of high-mass galaxies means that the chance of having
minor mergers is larger. Note, however, that minor merg-
ers do not always contribute significantly to the total stellar
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mass assembled by mergers. The bottom panel of Figure 15
demonstrates this. In Milky-Way sized halos the contribu-
tion of major mergers is ∼ 35% of the total stellar mass ac-
quired by mergers, while for halos with Mvir > 1014M the
fraction asymptotes to ∼ 75%. There is no doubt that major
mergers are an important part of the formation history of
the galaxies, and for that reason we will discuss further the
above results in a more general context in Section 8.
7 THE AVERAGE STRUCTURAL
EVOLUTION OF GALAXIES
The average stellar mass trajectories and star formation his-
tories obtained in the previous sections allow us to explore
several implications that can be naturally studied in our
framework. Our goal for this section is to study the struc-
tural evolution of the galaxies and its relation to the prop-
erties derived above, namely, SFRs and galaxy mergers.
Constraining observations that relate galaxy stellar
mass to its structural properties are the Se`rsic index n and
the effective radius Reff ,
9 both at z = 0 and at higher red-
shifts (see e.g., Bell et al. 2012; Patel et al. 2013; van der
Wel et al. 2012). For a Se`rsic law r1/n, the Se`rsic index n is a
parameter that controls the slope of the curvature for the ra-
dial distribution of light/mass. Observational results based
on the SDSS have shown that when fitting the global light
distribution to a Se`rsic law r1/n most of the galaxies have in-
dices n between 0.5 and 8 (see e.g., Simard et al. 2011; Meert,
Vikram & Bernardi 2015). However, when dividing galaxies
into two main clases – e.g., as early- and late-types – the
radial distribution of the light/mass is fairly well described
with n = 4 (de Vaucouleurs 1948) and n = 1 (exponential
disc) respectively. In this section, we will assume for simplic-
ity that all late-type galaxies are blue/star-forming systems
with a Se`rsic index n = 1 while all early-type morpholo-
gies correspond to red/quiescent galaxies with Se`rsic index
n = 4. Hereafter, we will use these galaxy classifications in-
terchangeably. While this is an oversimplification of a more
complex reality, for our purpose it is accurate enough since
the relatively small fraction of galaxies that do not follow
the above assumptions is not critical for our conclusions.
We begin by writing the explicit form of the Se´rsic
(1963) law r1/n:
Σ(r) = Σ0 exp
[
−bn
((
r
Reff
)1/n
− 1
)]
, (60)
where Σ0 is the surface mass density at the effective radius
Reff and bn has a value of b1 ≈ 1.678 and b4 ≈ 7.669 for
n = 1 and n = 4 respectively. Therefore once n is defined,
in order to fully characterize the surface density profile we
need to specify the two free parameters Σ0 and Reff . The
mass profile is given by
M∗(< r) = 2piΣ0
∫ r
0
exp
[
−bn
((
r
Reff
)1/n
− 1
)]
rdr. (61)
Notice that when r → ∞ the total stellar mass M∗ be-
comes a function of Σ0 and of Reff , M∗ = 2piΣ0Fn(Reff).
9 The effective radius is defined as the radius that encloses half
the luminosity or stellar mass of the galaxy.
The sizes of the galaxies are known to correlate with their
total stellar masses. This correlation has been observed to
be shallower for late-type morphologies than for more early-
type ones, not only at z ∼ 0.1 (see e.g. Shen et al. 2003) but
also at higher redshifts (see e.g. van der Wel et al. 2014).
Technically, if we introduce a relation between Reff and M∗,
Reff = Reff(M∗, z), then Equation (60) is completely deter-
mined and the surface mass density at the effective radius is
given by Σ0: Σ0 = M∗/2piFn(Reff(M∗)). Note that the same
line of reasoning can be applied at any redshift.
As mentioned earlier, our main goal is to study the
structural evolution of the galaxies and its relation to the
galaxy properties derived in the previous sections, that is,
SFRs and galaxy mergers. Moreover, we will use the average
stellar mass trajectories constrained above to predict the av-
erage trajectories for structural evolution of galaxies. Recall
that our results are based on the whole galaxy population
and there is not an explicit distinction between different
populations, i.e., they only depend on mass. The structure
of galaxies at a fixed mass can be different as discussed al-
ready in the previous paragraph. But we note that there is a
remarkable similarity in the surface density profiles of both
early- and late-type galaxies when their profiles are rescaled
to a fixed fraction of their virial radii, at least at low red-
shifts (Kravtsov 2013; Somerville et al. 2017). Here we adopt
a more probabilistic description by considering the contribu-
tion of these two populations to the average, that is, we will
compute the stellar mass surface density by averaging over
the two main populations—i.e. the early- and late-types, or
equivalently quenched and star-forming galaxies—and thus
obtain average density profiles that depend only on M∗ and
z. This procedure can be imagined as stacking all the density
profiles of galaxies in a given mass bin, no matter whether
they are spheroids or disks or a combination of both (for a
recent and similar idea see (Hill et al. 2017)). The average
radial distribution of galaxies with total stellar mass M∗ is
then given by
Σ(r,M∗) = fSF(M∗)ΣSF(r,M∗) + fQ(M∗)ΣQ(r,M∗), (62)
where for simplicity we have omitted the dependence on z.
The fraction of blue/star-forming and red/quenched galax-
ies was discussed in Section 4.4. Additionally, recall that
for blue/star-forming galaxies we assume n = 1 and for
red/quenched galaxies n = 4. For galaxy sizes we adopt the
Reff − M∗ relations derived in Mosleh, Williams & Franx
(2013) for nearby, z ∼ 0.015, blue and red galaxies. They
constructed a sample based on the MPA-JHU SDSS DR7
by selecting spectroscopic galaxies with a surface brightness
limit of µ50,r 6 23 mag arcsec−2. These authors computed
the half-light radius of galaxies by measuring directly the
radius at which the flux reaches half of its total value. Their
reported effective radii are circularized. In order to use a
model to higher redshifts, we use the following redshift de-
pendence for blue/star-forming galaxies:
Reff,SF(z,M∗) = Reff,SF(0,M∗)
(
H(z)
H(0)
)−0.5
, (63)
while for red/quenched galaxies we use
Reff,Q(z,M∗) = Reff,Q(0,M∗)
(
H(z)
H(0)
)−0.85
. (64)
Here Reff,SF(0,M∗) and Reff,Q(0,M∗) are the local relations
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Figure 16. Circularized effective radius for blue star-forming galaxies and red quiescent galaxies for six different redshift bins. The
filled circles show the circularized effective radius as a function of stellar mass and redshift from van der Wel et al. (2014) based on
multiwavelength photometry from the 3D-HST survey and HST/WFC3 imaging from CANDELS. Solid lines show the redshift dependence
for blue and red galaxies of the local relation by Mosleh, Williams & Franx (2013) based on the MPA-JHU SDSS DR7. The black solid
lines show the average circularized effective radius as a function of stellar mass. The crosses show the effective radius at M50, i.e., the
stellar mass at which the observed star-forming fraction of galaxies is equal to the quenched fraction of galaxies. Note that the effective
radius at M50 evolves very little with redshift and is ∼ 3 kpc. We utilize the plotted redshift dependences as an input to derive the
average galaxy’s radial mass distribution as a function of stellar mass by assuming that blue/star-forming galaxies have a Se`rsic index
n = 1 while red/quenched galaxies have a Se`rsic index n = 4 (see text for details).
Figure 17. Average evolution of the radial distribution of stellar mass for galaxies in halo progenitors with Mvir = 10
11, 1011.5, 1012, 1013,
1014 and 1015Mat z = 0. These radial distributions can be imagined as stacking all the density profiles of galaxies at a given virial
mass and z, no matter whether galaxies are spheroids or disks or a combination of both.
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Figure 18. Integrated mass density at 1 kpc, as a function of halo mass (left panel) and stellar mass (right panel) for halo progenitors.
The black solid lines show the trajectories for progenitors with Mvir = 10
11, 1011.5, 1012, 1013, 1014 and 1015Mat z = 0. The short-
dashed curves show the stellar mass and halo mass at which the observed fraction of star-forming galaxies is equal to the quenched
fraction of galaxies, and the upper (lower) long-dash curves show the stellar mass vs. z where 75% (25%) of the galaxies are quenched.
derived in Mosleh, Williams & Franx (2013) and H(z) is the
redshift dependence of the Hubble parameter. We choose
these redshift dependencies since, as can be seen in Figure
16, they are consistent with the size-mass evolution observed
by van der Wel et al. (2014), which constrained the redshift
evolution of galaxy sizes up to redshift z = 3 by using mul-
tiwavelength photometry from the 3D-HST survey (Bram-
mer et al. 2012) and HST/WFC3 imaging from CANDELS
(Grogin et al. 2011; Koekemoer et al. 2011). Figure 16 com-
pares our adopted redshift dependences with the circularl-
ized half-light radius from van der Wel et al. (2014). More
recently, Allen et al. (2016) determined the Reff −M∗ rela-
tion of star-forming galaxies from z ∼ 1 to z ∼ 7 by using
the ZFOURGE survey cross-matched with CANDELS and
the HST/F160W imaging. Their results agree with those of
van der Wel et al. (2014), and for z > 3 we note that their
size–mass relation is consistent with our implied relation.
Our goal is to empirically study the impact of the struc-
tural properties in the evolution of galaxies. We will do so
by inferring the average trajectories for the density profiles
of galaxies in halos of a given mass. Consider the trajec-
tory of a halo with final mass Mvir,0 hosting a galaxy with
final total stellar mass M∗,0 at the redshift of observation
z0: M∗(z|M∗,0, z0) = M∗(z|Mvir,0, z0). Next, we use this re-
lation to describe the mean structural evolution of galaxies
as
Σ(r, z|z0) = Σ(r,M∗(z|M∗,0, z0)). (65)
7.1 Surface Mass Density and Size Evolution
Figure 17 shows the evolution of the radial stellar mass
density for galaxies in different halo progenitors at z = 0:
Mvir = 10
11, 1011.5, 1012, 1013, 1014 and 1015M. This figure
shows that, in general, galaxies form from the inside out. At
high redshifts, most of the galaxies have Se`rsic index n = 1,
as expected, and most of the low mass galaxies at z ∼ 0
are still n = 1, while for more massive galaxies, the con-
tribution of the n = 4 component increases as z decreases.
In the most massive halos, the stellar mass within ∼ 4 kpc
was already in place since z ∼ 1.25 for the Mvir = 1013M
trajectory, and since z ∼ 2.5 for the Mvir = 1015M trajec-
tory. Notice that Figure 10 shows that the star formation
efficiency in a progenitor with Mvir = 10
13M at z = 0 is
sSFR/sMAR ∼ 1 at z ∼ 1. Recall that galaxies with star
formation efficiencies below ∼ 1 are predominately quenched
systems, see Section 6.2. Similarly, for halo progenitors with
Mvir = 10
15M we find that sSFR/sMAR ∼ 1 at z ∼ 2.5,
suggesting that the structural evolution of galaxies is play-
ing a role in quenching the galaxies (Kauffmann et al. 2003b;
van Dokkum et al. 2010; Bell et al. 2012; Cheung et al. 2012;
Patel et al. 2013; van Dokkum et al. 2014; Barro et al. 2013,
2015; van Dokkum et al. 2015b). The qualitative behaviour
described above is consistent with previous studies of the
structural evolution for progenitors of massive galaxies at
z ∼ 0 by selecting galaxies at a constant number density
(see e.g., van Dokkum et al. 2010, 2013; Patel et al. 2013).
An alternative way to study the role of the struc-
tural properties of the galaxies is the integrated mass den-
sity at some inner radius. Based on a sample from the
DEEP2/AEGIS survey at z ∼ 0.65, Cheung et al. (2012)
showed that the integrated stellar mass density within 1
kpc, Σ1, shows a tight correlation with color, more than any
other structural parameter, e.g., Se`rsic index, effective sur-
face brightness, etc. This was later confirmed in Fang et al.
(2013, see also Bell et al. 2012) based on a much larger sam-
ple using the SDSS DR7.
The left panel of Figure 18 shows the trajectories for
halos with Mvir = 10
11, 1011.5, 1012, 1013, 1014 and 1015M
at z = 0 and the color code shows the corresponding in-
tegrated mass density at 1 kpc: Σ1 = M∗(< r1)/pir21 with
r1 = 1 kpc. The right panel of Figure 18 shows the same but
as a function of stellar mass. The short dashed lines show
the empirical M50(z) above which most galaxies are quies-
cent. An interesting feature is revealed in this figure. Note
that the values of Σ1 are nearly constant as a function of
both halo and stellar mass. Since, on average, galaxies and
their host halos are growing at all times, this implies that
the values of Σ1 significantly increase with time as galax-
ies evolve. This directly implies that there is not a universal
threshold value for Σ1 at which galaxies are more likely to be
quiescent, instead this threshold increases with z. As seen
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Figure 19. Left Panel: Trajectories for progenitors of halos with Mvir = 10
11, 1011.5, 1012, 1013, 1014 and 1015M at z = 0 in the
Σ1−sSFR plane. Right Panel: Same progenitors but in the M∗−sSFR plane. The symbols show different redshifts as indicated by the
labels. The dashed curves show M50(z) below which half the galaxies are quiescent, and the upper (lower) dot-dashed curves show where
25% (75%) of the galaxies are quenched.
in Figure 18, at z ∼ 0 the threshold is around Σ1 ≈ 109
Mkpc−2 while at z ∼ 2 it is an order of magnitude higher,
i.e., Σ1 ≈ 1010 Mkpc−2. This is consistent with Figure 2
in Barro et al. (2015) where the value of Σ1 above which the
galaxy population becomes dominated by quiescent galaxies
also increases with redshift.
It is instructive to analyze what would be the conse-
quences of a constant threshold value for Σ1. Figure 4 from
Fang et al. (2013, see also van Dokkum et al. 2014) shows
that the value of Σ1 ∼ 109.5 M kpc2 marks the transition
above which the majority of the galaxies are quiescent at
z ∼ 0. Adopting this value, we would conclude that the halo
mass transition above which the star formation becomes
more inefficient is around Mvir ∼ 1012M at all redshifts.
As discussed earlier in this paper, this is the expected mass
above which virial shocks become more efficient. Therefore,
our finding that the threshold value for Σ1 (and for Mvir)
increases with z suggests that at high redshifts other mech-
anisms should be in play for keeping the SFR high in ha-
los above Mvir ∼ 1012M. Moreover, according to our re-
sults these mechanisms were so efficient in the centres of the
galaxies that they had a chance to increase their central stel-
lar densities significantly before being quenched compared to
their low redshift counterparts. If those mechanisms are not
as relevant today as they were at higher redshifts, then one
possibility is that virial shocks are the main mechanism to
quench galaxies today. We will come back to this in Section
8.
The left panel of Figure 19 shows the trajectories in
the Σ1–sSFR plane for progenitors with Mvir = 10
11, 1011.5,
1012, 1013, 1014, and 1015M at z = 0 while the right panel
shows the same but in the M∗–sSFR plane. The different
symbols in the figure indicate the redshifts and the dashed
lines show M50(z) below which galaxies are quiescent. In-
teresting conclusions can be obtained from this figure: i )
There is a tight correlation between the sSFR and Σ1, in
other words, Σ1 is an indicator of the global SFR of the
galaxy. Similarly to Figure 18, ii) this figure shows that once
a galaxy reaches a maximum mass density at 1 kpc, Σ1, the
SFR is suppressed. This confirms previous studies that the
evolution of the structural properties of the galaxies played
a key role in the quenching of galaxies (Kauffmann et al.
2003a; van Dokkum et al. 2010; Bell et al. 2012; Cheung
et al. 2012; Patel et al. 2013; van Dokkum et al. 2014; Barro
et al. 2013, 2015; van Dokkum et al. 2015b).
The left panel of Figure 19 shows some hints of negative
stellar mass evolution within 1 kpc: for halosMvir = 10
15M
we see Σ1 evolution of ∼ −0.13 dex from z = 0 to z ∼ 1,
while for halos Mvir = 10
14M we see Σ1 evolution of
∼ −0.06 dex at the same redshift range. van Dokkum
et al. (2014) reported similar trends based on the analysis
of galaxy sizes from the SDSS, Ultra VISTA and 3D-HST
surveys. The authors considered three different scenarios: i)
central mass loss due to core-core mergers, ii) central mass
loss due to stellar evolution, and iii) adiabatic expansion due
to stellar winds (also considered in Damjanov et al. 2009,
and referred as the less likely scenario for the mass-size rela-
tion). Unfortunately, our analysis is not detailed enough to
decide for one over the others. Nonetheless, given the sub-
tlety of this effect we suspect that mass loss due to stellar
evolution (and the associated stellar winds) is the most likely
explanation, although more work is needed on this.
The upper left panel in Figure 20 shows the trajectories
for the halo progenitors discussed above in the size-mass re-
lation. Note first that star-forming galaxies evolved in par-
allel tracks in the size-mass relation. The second thing to
note is that the progenitors at z = 0 of quenched galaxies
evolved along two very different trajectories. When star for-
mation was the dominant mode of evolution for progenitors
of quenched galaxies at z = 0, they evolved in a trajecto-
ries with a slope of ∼ 0.35. This situation changed dramat-
ically when star formation was suppressed: the slope of the
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Figure 20. Trajectories for progenitors of halos with Mvir = 10
11, 1011.5, 1012, 1013, 1014 and 1015M at z = 0 in the size-mass relation
(upper left panel) and for the minor (bottom left) and major (bottom right) merger rates. As in Figure 19, the symbols show different
redshifts as indicated by the labels. The dashed lines show M50(z) below which most galaxies are quenched, and the upper (lower)
dot-dashed curves show where 25% (75%) of the galaxies are quenched. Progenitors of quenched galaxies went through two phases,
initially they grew in parallel trajectories as star formers in the size-mass relation, but after quenching they evolved much faster in size
than in mass, resulting in a steeper relation at low z. Presumably the high rate of minor mergers is responsible for this rapid size growth.
trajectory in the size-mass relation now became ∼ 2.5, im-
plying that the most massive galaxies increased their size
by a factor of ∼ 3 after they quenched. One of the most
popular explanations for this upturn in the size-mass rela-
tion is dry minor mergers. Indeed, Hilz, Naab & Ostriker
(2013) showed that dry minor mergers of diffuse satellites
embedded in dark matter halos produced slopes ∼ 2 consis-
tent with our findings. In order to investigate this further,
we present the merger rate history for the progenitors dis-
cussed above in the bottom panels of Figure 20. The left
panel plots the merger rate histories from minor mergers,
µ∗ 6 1/4, while the right panel is the same but from major
mergers, µ∗ > 1/4.
Similarly to Figures 13 and 14, Figure 20 shows that the
merger rate history is dominated by minor mergers. More-
over, in the case of the most massive halos we do observe an
upturn in the merger rate approximately at the same epoch
when the upturn in the size-mass relation happened due to
quenching. Therefore, we conclude that our semi-empirical
results are not in conflict with the minor merger hypothesis.
The next thing to note, and perhaps the most surpris-
ing, is the fact that galaxies with sizes above Reff ∼ 3 kpc
are more likely to be quenched, as can be seen by the dashed
lines in the upper panel of Figure 20 (and also in Panel f) of
Figure 23). Recall that the dashed lines mark the M vs. z
above/below which galaxies are likely to be quenched/star-
forming. We believe that the above result does not indicate
something fundamental about how galaxies quench, but is
just a coincidence. As we will discuss in Section 8.3, similar
trajectories in the size-mass relation have been reported in
previous studies (e.g., Patel et al. 2013; van Dokkum et al.
2013). Our findings are not in conflict with those previous
empirical results. Figure 16 also shows that galaxies with
M50 have, on average, effective radius of ∼ 3 kpc. This fig-
ure shows that at all redshifts and masses, blue/star-forming
galaxies have larger Reff than red/quenched galaxies. But
note that the black curves in Figure 16, which represent the
average effective radii at each stellar mass and redshift, coin-
cide with the red curves for large M∗ at low redshifts, where
the vast majority of these massive galaxies are quenched.
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8 DISCUSSION
The semi-empirical inferences of galaxy mass and structural
evolution presented here refer to the average behaviour of
the whole galaxy population as a function of halo or stellar
mass. While this is clearly a simplification, our results pro-
vide relevant clues to constrain the main processes of galaxy
evolution and their dependence on galaxy mass. In this Sec-
tion we will discuss some implications and interpretations of
our results. We start by comparing them with some previous
works.
8.1 Comparison with Previous Studies
In this Section we compare our SHMR at different red-
shifts to previous works. We divide our discussion into two
main comparisons: those studies that reported stellar mass
as function of halo mass, SHMR, and those that have esti-
mated the inverse of this relation, Mvir−M∗. The former is
typically reported in studies based on statistical approaches,
namely indirect methods, as in our case, while the latter
is more natural for studies based on direct determinations
(e.g., weak gravitational lensing, galaxy clustering). All re-
sults were adjusted to a Hubble parameter of h = 0.678 and
to virial halo masses. When required, we adjusted stellar
masses to a Chabrier IMF.
8.1.1 Stellar-to-halo mass relationship
We begin by comparing the mean logarithm of stellar mass
〈logM∗〉 plotted in each logMvir, (i.e., the SHMR) and
shown for seven different redshift bins in Figure 21. Our
resulting SHMRs are shown with the solid black lines. The
grey areas in all the panels show the ∼ 0.3 dex systematic
errors.
In Figure 21 we compare our SHMR with Guo et al.
(2010, constrained only at z ∼ 0.1, violet solid line),
Behroozi, Wechsler & Conroy (2013b, purple solid lines),
and Moster, Naab & White (2013, red solid lines). These
authors used subhalo abundance matching to derive the
SHMRs. Guo et al. (2010) and Moster, Naab & White
(2013) constrained the SHMR using only the GSMF, while
Behroozi, Wechsler & Conroy (2013b) included the observed
specific SFRs and the CSFR. The dark gray dashed lines
with error bars show the SHMR at z ∼ 0.1 reported in
Rodr´ıguez-Puebla, Avila-Reese & Drory (2013) who used
the GSMFs for centrals and satellite galaxies as well as
the two-point correlation function to constrain their best fit
model, their set labeled as C. We also compared the SHMR
from Yang et al. (2012) who used the redshift evolution of
the GSMF up to z ∼ 4, the conditional stellar mass function
at z ∼ 0.1 in various halo mass bins, and the galaxy clus-
tering at z ∼ 0.1 in different mass bins. The cyan and blue
shaded areas represent the 1σ confidence level of their results
when they used the GSMF reported in Pe´rez-Gonza´lez et al.
(2008) and from Drory et al. (2005), their SMF1 and SMF2
sets respectively. Additionally, we compared the SHMR at
z ∼ 0.6 and at z ∼ 0.9 from Leauthaud et al. (2012)
who combined stacked galaxy-galaxy weak lensing data and
galaxy clustering at various mass thresholds from the COS-
MOS data. Finally, we compared with the SHMR at z ∼ 0.8
from Coupon et al. (2015) who combined galaxy clustering,
galaxy–galaxy lensing and the stellar mass function from ob-
servations in the Canada-France-Hawaii Telescope Lensing
Survey (CFHTLenS) and VIPERS field.
We begin our discussion by noting the broad agree-
ment between the various methods compared in Figure
21 for z <∼ 1. This is encouraging due to the different na-
ture of observational constrains for each work plotted. Note
that at z ∼ 0.1 the mass relation of dwarf galaxies (i.e.,
Mvir <∼ 1011M) becomes slightly shallower (but not as shal-
low as in Behroozi, Wechsler & Conroy 2013b), something
that is not seen in Yang et al. (2012); Moster, Naab & White
(2013); and Guo et al. (2010). The redshift evolution of our
resulting SHMR is more consistent with the evolution de-
rived in Yang et al. (2012), case SMF1, and Moster, Naab
& White (2013). When considering the uncertainties in the
constrained relations our SHMR is consistent with those de-
rived in Behroozi, Wechsler & Conroy (2013b).
In the z > 0.1 panels of Figure 21 we plot as a dashed
curve the time-independent SHMR, i.e., the SHMR obtained
at z ∼ 0.1. Note that below z ∼ 2 most of the models as well
as our mass relations are consistent with a time-independent
SHMR. Behroozi, Wechsler & Conroy (2013a) showed that
assuming a time-independent SHMR could simply explain
the cosmic star formation rate since z = 4. In a subse-
quent work Rodr´ıguez-Puebla et al. (2016b) extended that
argument for studying the galaxies in the main sequence
of galaxy star formation by showing that the dispersion of
the halo mass accretion rates correctly predicts the observed
dispersion of star formation rates.
8.1.2 Halo mass-to-stellar mass relationship
Figure 22 shows the mean logarithm of halo mass, 〈logMvir〉,
plotted for each logM∗, i.e., we invert the SHMR to ob-
tain a Mvir–M∗ relationship. Because the SHMR has scat-
ter, inverting this relation is not as simple as just inverting
the axes of the relation; we also need to take into account
the scatter around the relation. This can be done by using
Bayes’ theorem by writing P (Mvir|M∗, z) = P (M∗|Mvir, z)×
φvir(Mvir, z)/φg(M∗, z). Recall that the distribution func-
tion P (M∗|Mvir, z) is assumed to be lognormal and in con-
sequence the distribution P (Mvir|M∗, z) is expected to be
different from a lognormal distribution. Using the above
equation we can thus compute 〈logMvir〉 as a function of
logM∗. In the upper left panel of Figure 22 we compare the
resulting 〈logMvir(M∗)〉 with the relation 〈logM∗(Mvir)〉
at z = 0.1. Note that these relations are very different for
M∗ >∼ 1010.6M. In general, we observe that the resulting
Mvir–M∗ relationship evolves in the direction that at a fixed
stellar mass, higher stellar mass galaxies tend to have lower
halo masses at higher redshifts.
We now compare with recent determinations of the
Mvir–M∗ relationship. We begin by describing data ob-
tained from galaxy weak lensing analysis. In Figure 22 we
plot the results reported in Mandelbaum et al. (2006) from
the stacked weak-lensing analysis for the SDSS DR4 at
z ∼ 0.1, black open circles with error bars (95% of confi-
dence intervals). Mandelbaum et al. (2006) reported halo
masses separately for late- and early-type galaxies. Here
we estimated the average mass relation as: 〈Mvir〉(M∗) =
fl(M∗)〈Mvir〉l(M∗)+fe(M∗)〈Mvir〉e(M∗), where fe(M∗) and
fl(M∗) are the fraction of late- and early-type galaxies in
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Figure 21. The mean logarithm of stellar mass, 〈logM∗〉, is plotted at each logMvir and compared with previous works that reported
galaxy stellar masses as a function of halo mass. Our abundance matching results are shown with the solid black curve, and compared
with abundance matching results from Guo et al. (2010); Behroozi, Wechsler & Conroy (2013b); and Moster, Naab & White (2013),
shown respectively with violet, purple and red solid lines. The dark gray dashed lines show the SHMR at z ∼ 0.1 reported in Rodr´ıguez-
Puebla, Avila-Reese & Drory (2013) who used the GSMFs for centrals and satellite galaxies as well as the two-point correlation function
to constrain their best fit model. The results of Yang et al. (2012) based on the evolution of the GSMF, galaxy groups counts, and galaxy
clustering are shown with the cyan and blue shaded regions for their SMF1 and SMF2 cases. Constraints from combining the GSMF,
galaxy clustering, and galaxy weak lensing from Leauthaud et al. (2012) and Coupon et al. (2015) are shown with the green and magenta
lines, respectively. In all the higher redshift panels we plot with short dashed curves our SHMR at z = 0.1. The gray shading shows
the amplitude of the systematic errors assumed to be 0.3 dex. Note the good agreement at all redshifts between the different techniques
except for SMF2, and except for SMF1 for Mvir
>∼ 1013M.
their sample. The corresponding values of halo masses for
late- and early-type galaxies are 〈Mvir〉l and 〈Mvir〉e. In this
case we assume that log〈Mvir〉 ∼ 〈logMvir〉 given that the
authors did not report a dispersion around the relation. The
empty red squares in the same figure show the analysis from
van Uitert et al. (2011) who combined image data from the
Red Sequence Cluster Survey (RCS2) and the SDSS DR7
to obtain the halo masses for late- and early-type galaxies
as a function of M∗. Similarly to Mandelbaum et al. (2006)
data, we also derive their mean halo masses based on their
reported fraction of early- and late-type galaxies. We also in-
clude the stacked weak-lensing analysis from Velander et al.
(2014) based on the CFHTLens survey, empty blue triangles.
The authors derive halo masses separately for blue and red
galaxies based on the color-magnitude diagram. We again
derive their mean halo masses by using the reported frac-
tion of blue and red galaxies. Using the CFHTLenS survey
Hudson et al. (2013) also derived halo masses as a function
of stellar masses for blue and red galaxies separately. We
showed their results with the open blue and red pentagons.
Unfortunately, the authors do not report the fraction of blue
and red galaxies so we plot their mass relations separately
for blue and red galaxies. The green filled square in Figure
22 shows the halo mass derived from galaxy weak lensing at
z ∼ 0.8 from Heymans et al. (2006) by combing the Chandra
Deep Field South and the Hubble Space Telescope GEMS
survey.
Next, we discuss halo masses obtained from galaxy clus-
tering. Wake et al. (2011) used the halo occupation dis-
tribution (HOD) model of galaxy clustering to derive halo
masses between z = 1 − 2 from the NEWFIRM Medium
Band Survey (NMBS), filled blue circles. Similarly, Skibba
et al. (2015) used the HOD model and the observed stel-
lar mass dependent clustering of galaxies in the PRIMUS
and DEEP2 redshift survey from z ∼ 0.2 to z ∼ 1.2 to
constrain the Mvir–M∗ relationship, indicated by the solid
black circles. Martinez-Manso et al. (2015) used the Deep-
Field Survey to derive the angular clustering of galaxies and
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Figure 22. The mean logarithm of halo mass, 〈logMvir〉, is plotted at each logM∗ and compared with previous works that reported
halo masses as a function of galaxy stellar mass. Weak lensing studies from Mandelbaum et al. (2006); van Uitert et al. (2011); Velander
et al. (2014); Hudson et al. (2013) and Heymans et al. (2006) are shown respectively with the black open circles, empty red squares,
empty blue triangles, open blue/red pentagons and green filled square. Galaxy clustering from Wake et al. (2011); Skibba et al. (2015),
and Harikane et al. (2016) are shown with the filled blue circles, solid black circles and red solid triangles respectively. The dotted line
shows a time-independent M∗–Mvir relation. The relation 〈logM∗(Mvir)〉 at z = 0.1 is shown with a long dashed line. Table 6 lists the
parameters for an analytic fit to 〈logMvir〉 given by Equation (66).
obtain halo masses by modelling galaxy clustering in the
context of the HOD. Finally, Harikane et al. (2016) esti-
mated the angular distribution of of Lyman break galaxies
between z ∼ 4−7 from the Hubble Legacy deep Imaging and
the Subaru/Hyper Suprime-Cam data. Halo masses were es-
timated using the HOD model, filled red triangles in Figure
22.
Similarly to the determinations of the SHMR com-
pared in Figure 21, the Mvir–M∗ relationships described
above agree very well between each other and with our
mass relations from abundance matching, specially at z <∼ 1.
The short dashed lines show the resulting 〈logMvir(M∗)〉
when assuming a time-independent 〈logM∗(Mvir)〉 rela-
tion. Note that the evolution of this relation simply re-
flects the fact that the ratio φvir(Mvir)/φg(M∗) is not con-
stant with time, that is, P (Mvir|M∗, z) = P (M∗|Mvir) ×
φvir(Mvir, z)/φg(M∗, z) where the distribution P (M∗|Mvir)
is independent of time just because 〈logMvir(M∗)〉 re-
lation is time-independent. Do not confuse this with a
〈logMvir(M∗)〉 relationship that is constant in z, that is, we
are not replicating the resulting 〈logMvir(M∗)〉 at z = 0.1
in all the panels. Table 6 lists the best fit parameters when
〈logMvir(M∗)〉 is parameterized using the function proposed
in Behroozi, Conroy & Wechsler (2010):
〈logMvir(M∗)〉 = logM1 + β log
(
M∗
M∗,0
)
+
(
M∗
M∗,0
)δ
1 +
(
M∗
M∗,0
)−γ + 12 . (66)
The accuracy of the fitting parameters on Table 6 are better
than 5% at all redshifts.
Finally, we acknowledge that there are other direct tech-
niques to derive halo masses from galaxy samples. One ex-
ample is to use the kinematics of satellite galaxies as test
particles of the gravitation field of the dark matter halo in
which their reside (e.g., Conroy et al. 2007; More et al. 2011;
Wojtak & Mamon 2013). In the case of satellite kinematics
it has been noted that this method tends to give higher halo
masses than other methods (like those described above, see
e.g., More et al. 2011; Skibba et al. 2011; Rodr´ıguez-Puebla
et al. 2011). Rodr´ıguez-Puebla et al. (2015) argued that the
difference with other techniques can be partially explained
by the relation between halo mass and the number of satel-
lite galaxies. Given the challenge that would imply to show a
c© 20?? RAS, MNRAS 000, 1–??
30
Table 6. Best fit parameters to the 〈logMvir(M∗)〉 relation given
by Equation 66. Note that due to the low constraints at high
masses for δ and γ we kept them constant above z > 2.
z logM1[M] logM∗,0[M] β δ γ
0.10 12.58 10.90 0.48 0.29 1.52
0.25 12.61 10.93 0.48 0.27 1.46
0.50 12.68 10.99 0.48 0.23 1.39
0.75 12.77 11.08 0.50 0.18 1.33
1.00 12.89 11.19 0.51 0.12 1.27
1.25 13.01 11.31 0.53 0.03 1.22
1.50 13.15 11.47 0.54 -0.10 1.17
1.75 13.33 11.73 0.55 -0.34 1.16
2.00 13.51 12.14 0.55 -0.44 0.92
3.00 14.02 12.73 0.59 -0.44 0.92
4.00 14.97 14.31 0.60 -0.44 0.92
5.00 14.86 14.52 0.58 -0.44 0.92
6.00 17.43 19.69 0.55 -0.44 0.92
7.00 17.27 20.24 0.52 -0.44 0.92
fair comparison between our mass relations and those from
satellite kinematics, we prefer to omit that comparison in
this paper.
8.2 The Quenching Halo Mass Depends On
Redshift
The conception of a transition halo mass above which the
star formation becomes strongly inefficient has been intro-
duced by a number of theoretical studies (e.g., White &
Frenk 1991; Birnboim & Dekel 2003; Keresˇ et al. 2005; Dekel
& Birnboim 2006; Cattaneo et al. 2007). These studies have
shown that a stable virial shock is formed when the virial
mass reaches Mvir ∼ 1012M, approximately independent of
z, through which the cosmological inflowing gas must cross,
thus resulting in the heating of the infalling gas (Dekel &
Birnboim 2006). In the literature, this mechanism is typ-
ically referred as halo mass quenching. Indeed, this seems
to apply at z ∼ 0, where the stellar mass above which the
galaxy population is observed to be dominated by quiescent
galaxies is M∗ ∼ 1010.5M, corresponding to a halo mass
of Mvir ∼ 1012M (see Figure 6). But as we have discussed
starting with Figure 2, M50, the halo mass where 50% of
galaxies are quenched, actually depends on redshift. In light
of our results, here we discuss this redshift dependence.
Panel a) of Figure 23 shows the average stellar mass
growth history for halos with final masses of Mvir =
1011, 1011.5, 1012, 1013, 1014, and 1015M at z = 0. The
gray, cyan, light red, and green shaded areas show the red-
shift ranges when the progenitors of halos with Mvir =
1015, 1014, 1013 and 1012M reached the mass range of
Mvir = 10
11.8 − 1012M. We use a halo mass range instead
of a fixed mass given that this transition mass might be not
sharp (e.g., Keresˇ et al. 2005; Dekel & Birnboim 2006). In the
same panel, the black short-dashed lines indicate when the
observed fraction of star forming galaxies is 50% while the
upper and lower long-dashed lines indicate when the frac-
tion of quenched galaxies is 75% and 25%. The correspond-
ing star formation histories for the progenitors described
above are presented in Panel b) of the same figure. Simi-
larly to Panel a), the shaded areas show the redshift ranges
when the progenitors of halos of masses 1012−15M at z = 0
reached the mass range of Mvir = 10
11.8 − 1012M.
Next, we consider the progenitors of halos at z = 0
with masses above Mvir > 10
12M. According to Figure 23,
we note that, on average, the epoch at which the SFRs of
those galaxies declined is rather different from the epoch at
which their host halo reached the halo mass quenching tran-
sition. Moreover, this depends on halo mass. This suggests
that galaxy quenching is not driven mainly by halo mass
alone and that other mechanisms are playing an important
role. Note, however, that the galaxy population in halo pro-
genitors at z = 0 with masses Mvir = 10
12M are on the
statistical limit of being dominated by quiescent systems.
This could also suggest that the mechanisms that are re-
sponsible for quenching are complex and that they could be
actually somewhat diverse at different redshifts leading to
the observed imprint in Figure 2, namely, high stellar mass
galaxies tend to quench earlier, which is sometimes referred
as quenching downsizing. We will come back to this in the
next subsection.
One possibility is that cold streams were able to supply
enough gas to sustain the star formation in galaxies in mas-
sive halos at high redshifts. That was suggested in a num-
ber of previous works showing that hydrodynamical simu-
lations predict that at high redshifts z > 1 hot halos can
be penetrated by cold streams (see e.g., Nagai & Kravtsov
2003; Keresˇ et al. 2005; Dekel & Birnboim 2006; Dekel et al.
2009). Indeed, in Figure 10 we showed that the halo mass
at which the star formation efficiency sSFR/sMAR drops
below unity depends on redshift in the direction that the
higher the redshift, the larger the transition halo mass. Inter-
estingly enough, progenitors of Milky-Way mass halos with
Mvir = 10
12M at z = 0, reached the ratio sSFR/sMAR∼ 1
at z ∼ 0 and thus are unlikely to still be fed by cold streams,
as predicted in the cold stream theory (Dekel & Birnboim
2006).
We thus conclude that our new SHMRs are consistent
with the idea that at high redshifts cold streams were able
to sustain the star formation in the progenitors of the most
massive galaxies observed today. Therefore, mechanisms al-
ternative to halo mass quenching should be invoked to ex-
plain the strong decline in the SFR of those progenitors. Ad-
ditionally, our new SHMRs suggest that virial shock heating
might become more relevant at lower redshifts.
8.3 The Role of the Structural Properties of the
Galaxies
In Section 7.1, we discussed various structural properties of
galaxies and their evolution. Our findings show that galaxies
grow in central stellar mass density (within 1 kpc, Σ1) while
they are star forming, and they quench once they reach a
maximum Σ1. This maximum Σ1 is higher for higher mass
galaxies, and it is reached at higher redshifts, as seen in Fig-
ure 23. That is, the progenitors of massive galaxies today
have higher Σ1 and quenched earlier than the progenitors
of lower mass galaxies. These results strongly suggest that
the quenching of massive galaxies is related to the central
density of these galaxies, a mechanism that could be associ-
ated with the growth of the central supermassive black hole
(SMBH) powering an AGN or quasar. The central density
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Figure 23. Summary plot for various galaxy properties: Panel a) Stellar mass, Panel b) star formation history, Panel c) Stellar mass
accretion from major mergers, Panel d) Integrated surface mass density at 1 kpc, Panel f) Effective surface mass density and Panel
e) Effective radius. The magenta, violet, green, red, blue and black lines show the trajectories for progenitors of Mvir = 10
11, 1011.5,
1012, 1013, 1014, and 1015M. The gray, cyan, light red and light green shaded areas in all the panels show the epoch range at which
the progenitors of halos of 1012, 1013, 1014, and 1015M reached the mass of Mvir = 1011.8 − 1012M. The short-dashed lines show
M50(z) where half the galaxies are statistically quenched, while the fractions of quenched galaxies are 25% (75%) at the upper (lower)
long-dashed lines.
and the growth of the black hole should be fundamentally
linked, given all the observational evidence that the masses
of SMBHs are well correlated with the most internal prop-
erties of their host galaxies, particularly with their bulge
properties (see e.g. Kormendy & Ho 2013).
Our results are consistent with a scenario in which the
progenitors of the most massive galaxies, M∗  3×1010M:
1) have a fast growth in mass at high redshifts; 2) cold
streams facilitate this growth in mass and central density,
in spite of the hot gas halo (see the discussion in the previ-
ous subsection); 3) SMBHs grow in their centres along with
the increase in central density; 4) the central density and
overall galaxy mass growth are slowed down when a lumi-
nous AGN is switched on (quenching). In addition, the more
massive the system, the higher the central densities (hence
more massive SMBHs) must be reached in order to produce
AGNs luminous enough to quench the galaxy (e.g., Terrazas
et al. 2016). These are just the trends seen in Figure 23. For
lower masses, down to M∗ ∼ 3× 1010M, the central densi-
ties do not attain very high values, and the AGN is probably
not luminous enough to be the main quenching mechanism.
Instead, for these galaxies, whose halos attain the quench-
ing transition mass at late epochs (when cold streams are
already of low efficiency), the long cooling time of the hot
halo gas can be the main mechanism for suppressing star
formation.
In Section 7.1, we found that galaxies evolve in par-
allel tracks in the size-mass relation with slopes around
d logReff/d logM∗ ∼ 0.35, but once they quench they
move in the size-mass relation with a steeper slope
d logReff/d logM∗ ∼ 2.5 (which is consistent with the fact
that minor dry mergers increase the sizes of early-types
galaxies, see Figure 20). This implies that i) galaxies are
growing in very different regimes, and ii) at all times the
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sizes are growing, on average, “inside-out”. We note that this
transition occurs, statistically, when galaxy’s size is around
∼ 3 kpc, see panel f) in Figure 23. However, we do not
think that this size reveals something fundamental about
their maximum density, Σ1. As discussed above, the central
density is associated to the SMBH growth, and hence to the
luminosity of the AGN that quenches star formation. Thus
it may be that the black hole is playing a major role in ini-
tiating or maintaining quenching, and the fact that galaxies
quench when they reach, on average, an effective radius of
∼ 3 kpc may just be a coincidence.
Panels d), e) and f) in Figure 23 show respectively
the trajectories of the halo progenitors discussed above
for Σ1, Σeff and Reff . Recall that the black dashed lines
mark M50(z) above/below which a majority of galaxies are
quenched/star forming. Panels d) and f) illustrate the con-
clusions described above, while the trends shown in panel
e) are a direct consequence of the evolution of the size-
mass relation. That is, the progenitors of quenched galaxies
evolved along two markedly different trajectories: they grew
in density as star formers and quenched when they reached a
maximum of effective density, and then their density within
Reff decreased at low redshift as Reff increased. Note that
nothing interesting happened to the structural properties of
galaxies when the progenitors of their host halos reached the
characteristic quenching halo mass, Mvir ∼ 1012M. Our
findings that galaxies, on average, grew “inside-out” and
quenched when they reached a maximum density are in ex-
cellent agreement with previous conclusions by Kauffmann
et al. (2003a); Franx et al. (2008); Patel et al. (2013); van
Dokkum et al. (2014); Barro et al. (2015); and van Dokkum
et al. (2015b).
Our findings, unfortunately, cannot be compared di-
rectly to the wet (gas inflow) compaction model (Dekel &
Burkert 2014; Zolotov et al. 2015; Tacchella et al. 2016).
This model asserts that shrinkage of the effective radius
arises from central starbursts fed by dissipative processes,
driven by violent disc instabilities (Dekel & Burkert 2014),
possibly triggered by major or minor mergers (Inoue et al.
2016), that could only happen at higher redshifts when the
gas fractions are high. In particular, this model predicts that
in the innermost parts of the galaxies gas compaction pro-
vides the fuel to increase the central stellar mass density
due to in-situ star formation, and when the central gas is en-
tirely depleted the central stellar mass density should remain
constant. Nonetheless, we can compare our model indirectly
with the wet compaction model by studying the Σ1 trajec-
tories of the progenitors discussed earlier in this section, see
panel d). We find that our results are consistent with the
wet compaction model. Finally, as discussed in Section 8.2,
it is likely that cold streams can maintain the gas supply in
massive galaxies at high redshifts. We note that cold streams
and wet compaction are both phenomena that may happen
at the same time; indeed, Dekel, Sari & Ceverino (2009)
showed that smooth cold streams can keep a gas-rich disc
unstable and turbulent at high redshifts. Moreover, the pres-
ence of an AGN/QSO is also plausible, especially in massive
galaxies. It is not clear how these three phenomena act to-
gether, but presumably wet contraction and cold streams
may help to feed the AGN, which in turn depletes the gas
from the galaxy more efficiently and keeps hot gas from cool-
ing.
8.4 The Impact of Galaxy Mergers
In Section 6.3 we showed that growth in stellar mass is
primary due to in-situ star formation. High mass galaxies,
M∗ ∼ 5 × 1011M, assembled around ∼ 36% of their fi-
nal stellar mass through galaxy mergers, while galaxies in
Milky-Way sized halos assembled around 2.4%. Additionally,
we found that minor mergers, µ∗ 6 1/4, are more frequent
than major mergers, µ∗ > 1/4, at all masses. For example,
massive galaxies with M∗ ∼ 5× 1011M had at least 1 ma-
jor merger but ∼ 20 minor ones since z ∼ 1. Nonetheless, at
these high masses major mergers contributed ∼ 75% of the
total mass in mergers while at low masses this was around
∼ 35%. Given the predictions presented for galaxy mergers,
here we discuss their impact on the formation history of the
galaxies, namely, in the context of their star formation his-
tories and structural properties. Panel c) of Figure 23 shows
the historical contribution from major mergers to the stellar
mass accretion rate for our set of progenitors at z = 0, de-
scribed above. This figure shows that the mass growth due to
major mergers peaks below z ∼ 1, with the redshift location
of the peak of the stellar mass growth due to major mergers
decreasing with decreasing halo mass. Today galaxies with
M∗ ∼ 1011M are on their peak of stellar mass growth due
to major mergers.
While in this paper we focused on stellar mergers, dif-
ferent types of mergers are linked to different phenomena.
For example, hydrodynamical simulations of galaxy merg-
ers have shown that the dissipational (wet) mergers result
in starburst activity between ∼ 100− 500 Myrs while (dry)
dissipationless mergers, especially the major ones, will result
in disturbances to the morphologies. Of course, both types
of mergers happen over the merger history of the galaxies.
In general, we do not observe an increase of star formation
triggered by major mergers, particularly at high redshifts
where the fractions of gas were high, and not even for mas-
sive galaxies. Nevertheless, we speculate that the extended
period of star formation in massive galaxies can be partly ex-
plained by merger-induced starbursts, since the rise of stel-
lar mass accreted due to major mergers in galaxies with
M∗ ∼ 5 × 1011M occurs mainly during the phase of high
star formation, although the main contribution of mergers
occurs at low redshift. Probably this extended period of star
formation is related to gas fed by cold streams, as discussed
above.
We observe that when the progenitors of quenched
galaxies start to suppress their SFRs, the stellar mass accre-
tion rate became dominated by major mergers. Galaxy ma-
jor dry mergers are expected to change morphologies (e.g.
Toomre & Toomre 1972; Barnes & Hernquist 1996; Robert-
son et al. 2006b,a; Burkert et al. 2008). This could imply
that the change in morphology of massive galaxies occurred
below z ∼ 1.
Major mergers and black hole growth are thought to
be intimately correlated during the AGN phase in massive
galaxies, especially at high redshift where the gas fractions
were higher. Therefore the fact that the SFR was suppressed
when the contribution from major mergers became more
important is consistent with AGN feedback from the black
hole being an effective quenching mechanism. Looking to
Figure 23, it is not obvious that major mergers could trigger
an AGN phase in massive galaxies. Nonetheless, our results
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do not reject this possibility. To see this, we recapitule the
main results from Figure 15. This Figure shows that the host
galaxies in massive halos had ∼ 3 major mergers since z ∼ 3
and had ∼ 2 since z ∼ 2. We thus conclude that our results
do not reject the possibility that AGNs were triggered by
major mergers.
9 SUMMARY AND CONCLUSIONS
This paper presents new determinations of the stellar-to-
halo mass relation, SHMR, over a very broad redshift range,
between z ∼ 0 to z ∼ 10, from abundance matching. We
use the redshift evolution of the SHMR together with the
growth of dark matter halos to predict the average in-situ
stellar mass growth of galaxies and therefore their star for-
mation histories, as well as the ex-situ mass growth due to
mergers. We used as observational constraints the redshift
evolution of the galaxy stellar mass function, GSMFs, and
the star formation rates, SFRs. In order to get a robust
determination of our SHMRs we used a large compilation
of GSMFs from the literature as well as of SFRs. We cal-
ibrated all the observations to the same basis in order to
minimize potential systematic effects that might bias our re-
sults. Specifically, all the observations were corrected to the
IMF of Chabrier (2003), the Bruzual & Charlot (2003) SPS
model, the Calzetti et al. (2000) dust attenuation model, and
the cosmological parameters reported by the Planck mission
and used in the Bolshoi-Planck simulation. Corrections for
surface brightness incompleteness were also introduced.
We report star formation histories for a wide range of
halo masses at z = 0 and their progenitors at higher red-
shifts. We quantify both the instantaneous and the cumula-
tive fraction of mass accreted due to mergers. To quantify
in more detail which type dominates the accreted mass frac-
tion we use the subhalo disruption rates convolved with the
redshift evolution of the SHMR.
Once we have constrained robust trajectories for galaxy
progenitors, we present a study of the average evolution of
the radial distribution of stellar mass as a function of mass,
and explore the impact of the structural properties on the
evolution of galaxies. This is the first time that this has
been done within the semi-empirical galaxy-halo connection
approach. To do this, we used the observed size-mass rela-
tion of local galaxies derived in Mosleh, Williams & Franx
(2013) and determined the dependence to higher redshifts
to be consistent with the size-mass evolution observed by
HST van der Wel et al. (2014). Finally, we assumed that the
radial distribution of stellar mass is a combination of Se`rsic
n = 1 and n = 4 profiles, with fractions associated to the
population fractions of star-forming and quenched galaxies
at each z.
In this paper we do not model the individual growth
histories of galaxies, but rather average growth histories.
Specifically, we do not know “case by case” how galaxies
suppressed their star formation. Instead we adopt a more
probabilistic description by inferring which were the most
likely trajectories of the galaxy progenitors as a function of
mass and redshift.
Finally, we list our main results and conclusions:
• The stellar-to-halo mass relation (SHMR) evolves very
slowly below z ∼ 1 but has a noticeable evolution between
redshift z ∼ 1 and z ∼ 7. This statement is mass dependent:
the high mass end evolves more strongly than the low mass
end. This implies that the value of the peak stellar-to-halo
mass ratio decreased approximately a factor of ∼ 3 between
z ∼ 0.1 and z ∼ 4, and almost an order of magnitude at
z ∼ 10.
• When comparing indirect methods for constraining the
galaxy halo-mass-to-stellar-mass connection (where the halo
masses are determined by abundance matching), we find a
broad agreement. This is encouraging given the very diverse
nature of the methods that have been employed in the lit-
erature. Similar conclusions were drawn when comparing
instead direct methods aimed at constraining the galaxy
stellar-mass-to-halo-mass connection (where the halo masses
are determined by gravitational lensing or clustering),
• The star formation histories for the progenitors of to-
day’s massive elliptical galaxies in Figure 9 show that they
reached an intense period of star formation with an average
value of SFR ∼ 200 M/yr at redshifts between z ∼ 1 and
z ∼ 4 depending on the mass; after this period their SFRs
dramatically decrease. Galaxies in Milky-Way-mass halos
went through distinct phases: below z ∼ 1.5 they formed
stars in-situ at a moderate rate of SFR, ∼ 2 M/yr, but then
for some reason they had a period of intense star formation
peaking around z ∼ 1 with values of SFR ∼ 10 M/yr, and
then a smooth decline with modest values of the order of
SFR ∼ 1 M/yr at z ∼ 0. At low masses, M∗ ∼ 3× 108M,
galaxies had much more constant SFRs along their histories,
with values of SFR ∼ 0.1 M/yr.
• Defining the halo star formation efficiency as the ra-
tio sSFR/sMAR, we find in Figure 10 that the observed
transition mass, above/below which galaxies are statistically
quenched/star forming, coincides with the mass and epoch
where the ratio sSFR/sMAR ∼ 1. Perhaps surprisingly, the
halo star formation efficiency peaks at z <∼ 1 for halos of
about Mvir ∼ 2 × 1011M, corresponding to galaxies with
stellar masses M∗ ∼ (0.8− 3)× 109M. It is not clear why
Mvir ∼ 2×1011M is a “special” mass or whether this should
be expected theoretically. This could be a hint that galaxy
formation is somewhat different below this mass. More work
is needed in this direction.
• The typical halo mass at which the halo star formation
efficiency sSFR/sMAR transits above and below unity is not
constant but it changes with redshift: at z ∼ 0 the transition
occurs at Mvir ∼ 1012M while at z ∼ 3 it occurs at Mvir ∼
1013M. This result is consistent with high redshift galaxies
in halos as massive as Mvir ∼ 1013M being fed by cold
streams, while at lower redshifts the virial shocks and AGN
feedback play a major role in quenching star formation in
galaxies formed in halos more massive than Mvir ∼ 1012M.
• Galaxy growth is primarily due to in-situ star forma-
tion. Massive galaxies with M∗ ∼ 5 × 1011M assembled
around ∼ 36% of their final mass through galaxy mergers
(ex situ) while galaxies in Milky-Way sized halos assembled
around ∼ 2.4%. Minor mergers (defined as <1:4) are more
frequent than major mergers (defined as >1:4). Present-day
galaxies of M∗ ∼ 5×1011 and M∗ ∼ 3×1010 M had on av-
erage ∼ 1 and ∼ 0 major mergers since z = 1, but ∼ 20 and
∼ 0.5 minor ones, respectively. Nonetheless, of the final ac-
creted stellar mass, major mergers have contributed ∼ 75%
and 35% in galaxies of these masses, respectively. Thus, ma-
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jor mergers played a more important role in massive galaxies
than in lower mass galaxies.
• On average, the radial stellar surface mass density of
galaxies grows the inside out. The effective radii increase
with stellar mass as Reff(z) ∝ M∗0.35(z) while galaxies are
star forming, but once they became statistically quenched
they shift in the size-mass relation to a steeper slope of ∼
2.5. We conclude that this change in slope is consistent with
theoretical expectations of quenched galaxies predominantly
evolving in size through dry minor mergers.
• The evolution of the surface stellar mass density en-
closed within 1 kpc, Σ1, is closely related to the evolution of
the global sSFR. This is consistent with previous findings.
Moreover, once galaxies reach their maximum Σ1 value, the
global SFR is suppressed. The larger the galaxy mass, the
higher is this maximum and the higher the redshift at which
it is attained: at z ∼ 0, Σ1,max ∼ 109 M/kpc2 for galaxies
of M∗ ∼ 2×109 M, while at z ∼ 3, Σ1,max ∼ 1010 M/kpc2
for progenitors of present-day galaxies of M∗ ∼ 5×1011 M.
• Our results do not support the scenario in which galaxy
major mergers cause galaxies to shrink their sizes, resulting
in compact quenched spheroids at high redshifts. Instead,
our results support on average a constant inside-out growth.
• Indirectly, we find that the size-mass evolution of
quenched galaxies is consistent with the wet compaction
model, because the trajectories in the sSFR−Σ1 plane are
very similar to what is observed in hydrodynamical simula-
tions of galaxy formation. Similar conclusions were reached
in previous studies that analyzed observations and hydro
simulations of galaxy formation (Barro et al. 2015; Tacchella
et al. 2016).
This work presents the most updated and self-consistent
determination of the SHMR from z ∼ 0 to ∼ 10 that is cur-
rently available, as well as the inference of the average stellar
mass, star formation, and merger rate histories of galaxies
as a function of mass. We have extended the semi-empirical
approach to study the average structural evolution of galax-
ies and its connection to the star formation and merger rate
evolution. The semi-empirical data presented in this paper
are available at our website 10. These data are useful for con-
straining semi-analytic models and cosmological simulations
of galaxy evolution, as well as for comparing with determi-
nations of galaxy evolution from the fossil record method
applied to large galaxy surveys or direct look-back time ob-
servations of selected galaxy populations.
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APPENDIX A: ASSUMPTIONS IN THE
MODELLING OF THE CSFR
In this Section we present the redshift dependence of the
function Θ(Mhalo) described in Section 2. We show this in
Figure A1 for our best fitting model. Recall that this func-
tion depends strongly on the ratio φgobs/φgI , which is the
reason for such a strong dependence on halo mass and red-
shift. Note that this function maps the intrinsic CSFR (the
one inferred in the absence of random errors) to the ob-
served CSFR. Figure A2 shows the CSFR for our best fit-
ting model, in which Θ(Mhalo) 6= 0. When ignoring random
errors, Θ(Mhalo) = 1. Clearly, ignoring random errors will
result in an extra source of uncertainty in the modelling of
the CSFR. Note that this is more important at high red-
shifts where the CSFR could be underestimated by an order
of magnitude.
Figure A2 also shows the impact of assuming the dis-
tribution of star-formation rate as a Dirac−δ function. The
error in the modelling of the CSFR is around ∼ 30%.
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Figure A1. Redshift evolution of the function Θ(Mhalo) which
maps the intrinsic CSFR to the observed one. Note that
Θ(Mhalo) = 1 implies that the observed CSFR is identical to
the intrinsic CSFR.
Figure A2. The cosmic star formation rate, CSFR. The solid
black line shows the resulting best fit model to the CSFR as
described in Section 2.4. The blue solid lines shows when ignoring
random errors in stellar mass determinations while the red solid
shows when assuming the distribution of star-formation rate as a
Dirac−δ distribution function. The green solid line shows when
both effects are totally ignore.
APPENDIX B: DARK MATTER HALOS
In this Section we present the theoretical ingredients to fully
characterize the model described in Section 2, namely, the
halo mass function and halo mass assembly.
B1 Halo Mass Functions
The abundance of dark matter halos has been studied in a
great detail in a number of previous studies since the pioneer
work in Press & Schechter (1974).
In this paper we will denote the comoving number den-
sity of halos within the mass range Mvir and Mvir + dMvir
as φvir(Mvir) dMvir. Theoretically this is given by
φvir(Mvir)dMvir = f(σ)
ρm
M2vir
∣∣∣∣ d lnσ−1d lnMvir
∣∣∣∣ dMvir, (B1)
where ρm is the mean matter density and σ is the amplitude
of the perturbations. Following Klypin, Trujillo-Gomez &
Figure B1. Total number density of halos and subhalos,
φhalo(Mhalo)dMhalo, from z = 0 to z = 10. Mhalo should be inter-
preted as the virial mass, Mvir, for distinct halos and Mpeak for
subhalos.. For central halos we are using the Tinker et al. (2008)
model with the parameters updated in Rodr´ıguez-Puebla et al.
(2016a) based on large Bolshoi-Planck and MultiDark-Planck cos-
mological simulations using the cosmological parameters from the
Planck mission. For subhalos we use the maximum mass reached
along the main progenitor assembly, denoted as Mpeak.
Primack (2011), we find in Rodr´ıguez-Puebla et al. (2016a)
that to a high accuracy σ it is given by
σ(Mvir, a) =
17.111y0.405D(a)
1 + 1.306y0.22 + 6.218y0.317
, (B2)
with y = Mvir/10
12h−1M. The above equation is only valid
for the cosmology studied in this paper. The linear growth-
rate factor, denoted by D(a), is given by the expression
D(a) =
g(a)
g(1)
, (B3)
where to a good approximation g(a) is given by (Lahav et al.
1991):
g(a) =
5
2
Ωm(a)a
Ωm(a)− ΩΛ(a) + [1 + 12 Ωm(a)]/[1 + 170 ΩΛ(a)]
. (B4)
The function f(σ) is given by the parametrization in Tinker
et al. (2008):
f(σ) = A
[(σ
b
)−a
+ 1
]
e−c/σ
2
. (B5)
In this paper we use the updated values for the parameters
A, a, b and c reported in Rodr´ıguez-Puebla et al. (2016a) and
given by:
A = 0.144− 0.011z + 0.003z2, (B6)
a = 1.351− 0.068z + 0.006z2, (B7)
b = 3.113− 0.077z − 0.013z2, (B8)
c = 1.187− 0.009z. (B9)
For the comoving number density of subhalos within
the mass range logMpeak and logMpeak +d logMpeak we use
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Figure B2. Median halo mass growth for progenitors z = 0 with
masses of Mvir = 10
11, 1012, 1013, 1014 and 1015h−1M, solid
lines. Fits to simulations are shown with the dotted lines.
the fitting model proposed in Behroozi, Wechsler & Conroy
(2013b) with the updated parameters in Rodr´ıguez-Puebla
et al. (2016a)
φsub(Mpeak)d logMpeak = Csub(z)G(Mvir, z)×
φvir(Mvir)d logMvir, (B10)
where
logCsub(z) = −0.0863 + 0.0087a− 0.0113a2−
0.0039a3 + 0.0004a4, (B11)
and
G(Mvir, z) = X
0.0724 exp(−X0.2206), (B12)
where X = Mvir/Mcut(z). The fitting function for Mcut(z)
is given by
log(Mcut(z)) = 11.9046− 0.6364z + 0.02069z2+
0.0220z3 − 0.0012z4. (B13)
Figure B1 shows the predicted redshift evolution of
φhalo(Mhalo) using the equations described in this section
from z = 0 to z = 10.
B2 Halo Mass Assembly
The rate at which dark matter halos grow will determine
the rate at which the cosmological baryonic inflow mate-
rial reaches the interstellar medium of a galaxy. Eventually,
when necessary conditions are satisfied, some of this cosmo-
logical baryonic material will be transformed into stars. As
described in Section 2.2, we use the growth of dark matter
halos to predict the star formation histories of galaxies with-
out modelling how the cold gas in the galaxy is converted
into stars.
Figure B2 compares the medians of the halo mass
growth for progenitors at z = 0 with masses of Mvir =
1011, 1012, 1013, 1014 and 1015h−1M, for the BolshoiP
(dashed solid line) SMDPL (dot-dash line) and MDPL (long
Figure C1. Impact of surface brightness corrections at z ∼ 0.1.
This figure shows the ratio between the GSMF corrected for sur-
face brightness incompleteness to the one where this correction
was ignored. This correction could be up to a factor of ∼ 2− 3 at
the lowest masses. This correction becomes more important for
galaxies below M∗ ∼ 108.5M while at large masses it is unim-
portant and the ratio asymptotes to ∼ 1, as expected.
dashed line) simulations with the fitting functions reported
in Rodr´ıguez-Puebla et al. (2016a) (solid line). In order to
characterize the growth of dark matter halos Rodr´ıguez-
Puebla et al. (2016a) used the fitting function from Behroozi,
Wechsler & Conroy (2013b)
Mvir(Mvir,0, z) = M13(z)10
f(Mvir,0,z) (B14)
where
M13(z) = 10
13.6h−1M(1+z)
2.755(1+
z
2
)−6.351 exp (−0.413z)(B15)
f(Mvir, z) = log
(
Mvir,0
M13(0)
)
g(Mvir,0, 1)
g(Mvir,0, a)
(B16)
g(Mvir,0, a) = 1 + exp[−3.676(a− a0(Mvir,0))] (B17)
a0(Mvir,0) = 0.592− log
[(
1015.7h−1M
Mvir,0
)0.113
+ 1
]
.(B18)
We can generalize the above function to characterize the
halo mass growth of any progenitor at any redshift z0 by
moving the origin from z to z → z − z0, (see e.g., Correa
et al. 2015). The above change leaves Equation B19 as:
Mvir(Mvir,0, z − z0) = M13(z − z0)10f(Mvir,0,z−z0). (B19)
This is the Equation that we will use for the growth of halos.
Note that halo mass accretion rates can be derived by taking
the derivative of Equation B19 with respect to the time.
APPENDIX C: THE SURFACE BRIGHTNESS
CORRECTION AT REDSHIFTS ∼ 0.1
In this paper we are interested in constraining the galaxy
stellar mass to halo mass relation over a wide dynamical
mass range, i.e., from dwarf galaxies to giant ellipticals that
are on the centres of big clusters. For that reason we impose
the following conditions for our GSMF at z ∼ 0.1: (1) We
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will require that it should be complete to the lowest masses
and (2) sample the largest volume possible (in order to avoid
sample variance and Poisson variance, see e.g., Smith 2012).
To do this, we use the GSMF derived in Rodriguez-Puebla
et al. (in prep.) that has been corrected for the fraction
of missing galaxies due to surface brightness limits in the
SDSS DR7. In short, in order to satisfy the above require-
ments, Rodriguez-Puebla et al. (in prep.) uses two samples
from the SDSS. Our first sample consist of a small volume
(0.0033 < z < 0.05) carefully constructed to study very low
mass/luminosity galaxies (Blanton et al. 2005a). We follow
closely the methodology described in Blanton et al. (2005a)
for the correction due to surface brightness incompleteness
as a function of M∗. Our second galaxy sample consists of
the main galaxy sample of the SDSS DR7 in the redshift
range 0.01 < z < 0.2. This volume is large enough to study
intermediate to high mass galaxies without introducing large
errors due to sample variance and Poission variance. Finally,
the resulting mass function is the combination of the GSMF
for low mass galaxies from M∗ ∼ 107M to M∗ ∼ 109M
and for the main galaxy sample from M∗ ∼ 109M to
M∗ ∼ 1012.2M.
Figure C1 shows the comparison between the resulting
GSMF described above, i.e., corrected by surface brightness
incompleteness and when ignoring this correction. This cor-
rection could be up to a factor of ∼ 2− 3 at lowest masses,
as can be seen in Figure C1.
APPENDIX D: THE GSMF AT REDSHIFTS > 4
FROM THE UV LFS
In recent years the discovery of galaxies at very high red-
shifts through the Lyman break technique has permitted
study of the evolution of the ultraviolet luminosity functions
(UV LFs) out to z ∼ 10. Figure D1 shows the redshift evolu-
tion of the rest-frame UV LFs from several measurements in
the literature (see also, Madau & Dickinson 2014). Moreover,
recent studies have combined UV with near-infrared obser-
vations to derive individual stellar masses (see e.g., Duncan
et al. 2014; Song et al. 2015). In this subsection we will (1)
characterize the observed redshift evolution of the UV LF
based on the data plotted in Figure D1, and then (2) use
this with the observed stellar mass-UV luminosity relations
to derive derive the GSMF from z ∼ 4 to z ∼ 10.
We begin by describing the evolution of the UV LF. The
solid lines in Figure D1 shows the best-fitting parameters to
a Schechter function that evolves with redshift
φUV(MUV, z)dMUV = φ
∗
UV(z)x
1+α(z)
UV e
−xUV(z)dMUV, (D1)
where log xUV(z) = 0.4(M
∗
UV(z)−MUV). In the above model
φ∗UV(z) is the normalization, α(z) the slope at the faint end
and M∗UV(z) the characteristic luminosity which breaks the
luminosity function from a power law to an exponential de-
cay. Note that all these parameters should depend on red-
shift z.
In order to derive the best-fitting parameters described
above we combine all the UV LFs plotted in Figure D1 from
z ∼ 4 to z ∼ 10. We sample the best-fit parameters that
maximize the likelihood function by using the Markov Chain
Monte Carlo (MCMC) method as described in Rodr´ıguez-
Puebla, Avila-Reese & Drory (2013), see also Section 5. We
run a set of 2×105 MCMC models to sample our parameter
space. The resulting redshift evolution for the normalization
φ∗UV is:
log(φ∗UV) = log
(
ln 10
2.5
)
+ (−3.038± 0.032)+
(−0.235± 0.029)z4 + (0.016± 0.009)z24+
+(−0.005± 0.001)z34 , (D2)
for the faint end slope α is:
α = (−1.748± 0.020) + (−0.114± 0.017)z4, (D3)
and for the characteristic luminosity M∗UV we find:
M∗UV = (−21.143± 0.048) + (−0.057± 0.042)z4. (D4)
In the above equations we define z4 = z−4. Figure D2 shows
the redshift dependence of the best fit Schechter function
parameters φUV, α and M
∗
UV. Note the slow evolution of
M∗UV with redshift while there is a strong evolution in φUV
and a moderate evolution with α.
The next step in our program is to derive the GSMF
by using the observed stellar mass-UV luminosity relations.
Based on deep near-infrared observations of the GOODS
South field (part of the CANDELS) and on optical data,
Duncan et al. (2014) studied the stellar mass-UV luminos-
ity relations from z ∼ 4 to z ∼ 7. The authors estimated
stellar masses for every galaxy in the sample by fitting the
observed spectral energy distribution with stellar synthesis
population models by including nebular lines and continuum
emissions. The authors found that the mass-to-UV light ra-
tios are well described by a simple power law. While these
authors have found shallower slopes compared to previous
studies, their results seems to be consistent with new deter-
minations (see e.g., Song et al. 2015). Based on the best
fitting values reported in Table 3 in Duncan et al. (2014) for
the slopes and zero points restricted to the brightest galaxies
(MUV < −19.5) of the stellar mass-UV luminosity relations,
we find the following redshift evolution.
log (M∗(MUV)/M) = −0.19z+9.82−0.45×(MUV+19).(D5)
We will assume that this relation is valid up to z = 10. We
have checked that the parameters at z ∼ 8 are consistent
with those in Song et al. (2015). This parameterization is
also very similar to the one reported in Dayal et al. (2014)
based on a simple galaxy formation model to reproduce the
evolution of the luminosity function and valid up to z ∼ 12.
Nevertheless, we caution that this this relation could give
wrong stellar masses above z ∼ 9.
Finally, we estimate the redshift evolution of the GSMF
from z ∼ 4 to z ∼ 10 by using the redshift evolution of
the UV LFs and the mass-to-light ratios described above.
Specifically, the GSMF can be obtained as
φ∗(M∗, z)d logM∗ = d logM∗
∫
P (M∗|MUV, z)dMUV, (D6)
where
P (M∗|MUV, z) = 1√
2piσ2UV
×
exp
[
− 1
2σ2UV
log2
(
M∗
M∗(MUV, z)
)]
, (D7)
with σUV = 0.4 dex and independent of redshift according
to Duncan et al. (2014); Song et al. (2015).
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Figure D1. Evolution of the rest-frame UV luminosity function from z ∼ 4 to z ∼ 10. The different symbols show several luminosity
functions from the literature as indicated in the legends. The black solid lines show the best fit Schechter function from a set of 2× 105
MCMC models. Observational data are from Bouwens et al. (2007, 2011, 2015, 2016); Bowler et al. (2014); Finkelstein et al. (2015);
McLure et al. (2013); Oesch et al. (2012); Schenker et al. (2013); van der Burg, Hildebrandt & Erben (2010) and Willott et al. (2013).
Figure D2. Redshift dependence of the best fit Schechter function parameters φUV, α and M
∗
UV, see Equations D2-D4. Note the slow
evolution of M∗UV with redshift, while there is a strong evolution in φUV and a moderate evolution with α.
Figure D3 shows the evolution of the GSMF implied
by the rest-frame UV LF and the mass-to-light ratios as
described above. We compare with some previous determi-
nations in the literature as indicated by the labels and listed
in Table 1. We find a good agreement with previous deter-
minations. Finally, we compute the error bars in our GSMF
by adding in quadratures errors from the fits to the UV-LF
(we used the MCMC chain to do so), poissonian and cos-
mic variance. To estimate poissonian error bars we assume a
survey area similar to CANDELS. We use the ΛCDM power
spectrum and the CANDELS survey area to estimate error
bars from cosmic variance.
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Figure D3. Redshift evolution of the galaxy stellar mass function from z ∼ 4 to z ∼ 10 implied by the rest-frame UV luminosity
function and mass-to-light ratios by including nebular emissions, see the text for details, filled circles with error bars. The different
symbols show several galaxy stellar mass functions functions from the literature as indicated in the legends. Our galaxy stellar mass
function is consistent with studies.
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